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ABSTRACT

Dennis, Claresta Nicole. Ph.D., Purdue University, December 2014. Applications of
Femtosecond Coherent Anti-Stokes Raman Scattering in Combustion. Major Professor:
Robert Lucht, School of Mechanical Engineering.
The dissertation deals with the further development of chirped-probe-pulse
femtosecond coherent anti-Stokes Raman spectroscopy (CPP fs-CARS) for applications
of gas phase thermometry and extension to methane concentration measurements. The
main effort has been to assess the usefulness and robustness of the technique in turbulent
combustors of practical interest. A primary aim has been to evaluate the use of CPP fsCARS for vibrational N2 thermometry in a highly turbulent environment. It has been
suggested that due to the laser beam temporal overlap required for fs-CARS signal
generation, the technique would be unsuccessful due to beam propagation retardation
effects from density gradients in the flame. Chirping of the beams due to combustor
windows has also been suggested to be a potentially significant complication.
First a series of experiments were performed in non-premixed free jet diffusion
flames. Five kHz CPP fs-CARS thermometry of the hydrogen/air diffusion flame yielded
temperatures between 300 and 2400 K, highlighting the Kelvin-Helmholtz instability
caused by buoyant interactions of hot combustion products with the cold ambient air.
These measurements demonstrated the excellent dynamic range of the CPP fs-CARS
technique which can be further improved by the use of a dual detection channel scheme
in which two spectrometers and two EMCCD cameras are used for split detection of the
CARS signal. Measurements in a highly sooting methane/air diffusion flame were also
successful. Radiation from the soot and/or absorbance of the laser beams did not impede
detection of the CARS signal.

xvii
In collaboration with the German Aerospace Center (DLR) in Stuttgart, Germany,
CPP fs-CARS measurements were performed for the first time in a highly turbulent
combustor, the DLR Gas Turbine Model Combustor (GTMC). The combustor has
significant levels of swirl and high levels of turbulence. Time resolved temperature
measurements were performed at 73 locations in the GTMC for two different operating
conditions. Every laser shot produced some resonant CARS signal; no significant loss of
signal due to beam steering, pressure fluctuations, or shear layer density gradients was
observed. Power spectral density analysis was performed on the CPP fs-CARS
thermometry results yielding the characteristic thermo-acoustic pulsation and precessing
vortex core frequency previously reported in the literature by DLR. The real limitation of
CPP fs-CARS thermometry has proven to be that of detector dynamic range. Signal
levels were observed to be approximately a factor of 1000 times higher in room air than
at 2200 K.
The theoretical spectral fitting code for N2 was improved to include an instrument
response function (IRF) to account for the spectral broadening due to the spectrometer
and EMCCD detector. The inclusion of the IRF significantly improved the comparison of
experimental and calculated CPP fs-CARS spectra. In addition, the laser parameters that
are determined from calibration flames at different temperatures are now very consistent
from flame to flame. This resolved a long-standing issue with our calibration procedure.
Previously the laser parameters exhibited changes due to temperature.
In addition to improving CPP fs-CARS thermometry, the first simultaneous
N2/CH4 CPP fs-CARS spectra were obtained. A theoretical code for CH4 concerned with
accurately modeling the spectra of N2 and CH4 simultaneously from a set of room
temperature pressure cell experiments was developed. This work expands the list of CPP
fs-CARS molecules previously modeled, and points to interesting possibilities such as
that of determining spectroscopic constants from theoretically fitting experimental
spectra of more complicated hydrocarbon molecules and also different species.
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CHAPTER 1. INTRODUCTION

1.1

Motivation

The Clean Air Act regulates pollution-generating emissions from stationary
sources, such as factories and power plants, and moving sources, such as cars, trucks, and
aircraft. To date the Environmental Protection Agency (EPA) has issued national ambient
air quality standards for six pollutants, which include nitrogen dioxide, carbon monoxide,
and ozone. These pollutants have been deemed “the root cause of human-induced climate
change”. On June 23rd 2014, the US Supreme Court ruled that the EPA may continue to
require greenhouse gas emission limits for major emitting facilities based on “the best
available control technology” [1]. This law facilitates compliance and enforcement,
making major emission sources, accountable for inspection and monitoring. New
regulatory standards, and the need to reduce our dependence on fossil fuels, continue to
drive combustion research.
The development and improvement of accurate methods for temperature and
species concentration measurements in practical combustion systems continues to be the
focus of many research efforts. Consider just one regulated pollutant, NOx. The
emissions of NOx from combustion processes are primarily in the form of NO. Chemistry
of thermal NOx formation is described by the Zeldovich mechanism [2]:
N2 + O ↔ NO + N
N + O2 ↔ NO + O
N + OH ↔ NO + H

kf,1 = 1.8x108e-38370/T m3/mol-s
kf,2 = 1.8x104e-4680/T m3/mol-s
kf,3 = 7.1x107e-450/T m3/mol-s

(1.1)
(1.2)
(1.3)

2
The rate of formation of NO by this mechanism is given by,
𝑑[𝑁𝑂]
= 𝑘𝑓,1 [𝑂][𝑁2 ] + 𝑘𝑓,2 [𝑁][𝑂2 ] + 𝑘𝑓,1 [𝑁][𝑂𝐻] − 𝑘𝑟,1 [𝑁𝑂][𝑁]
𝑑𝑡
− 𝑘𝑟,2 [𝑁𝑂][𝑂] − 𝑘𝑟,3 [𝑁𝑂][𝐻]

(1.4)

where [X] denotes molecular species concentration with units mol/m3. NOx formation
increases with increasing oxygen concentration and is highly dependent on temperature
though the rate of formation is significant only at high temperatures, above 1800 K, due
to the high activation energy of the reaction in Equation (1.1). Zeldovich suggested the
thermal NOx formation mechanism can be decoupled from the main combustion process
by assuming equilibrium values of temperature, stable species, O atoms, and OH
radicals. However by doing so, studies have found the NOx emission levels can be underpredicted by almost 30% due to radical concentrations more abundant than assumed from
equilibrium [3].
This example illustrates the importance of flame temperature and species
concentration measurements, particularly for industrial turbulent flames which are not
well characterized due to the many reactions, species, and steps involved in hydrocarbon
combustion chemistry. In addition, understanding the thermal instabilities occurring in
turbulent combustion, such as in modern gas turbine combustors, can provide information
for more reliable and fuel-efficient operation. For practical systems this requires accurate
flame temperature measurements across a wide range of temperatures, from 300 K to
well above 2000 K. These measurements will serve to improve predictive modeling
capabilities through experimental validation of complex turbulent combustion models,
like those involving Large Eddy Simulations (LES) and Reynolds averaged NavierStokes (RANS).
Non- intrusive laser-based optical methods for experimental determination of
temperature and species concentrations, flow-field characterization, and turbulencechemistry interaction are critical for the development and characterization of “the best
available control technology” in order to reduce greenhouse gas emissions and reduce our
dependence on fossil fuels.

3
1.2

Coherent Anti-Stokes Raman Scattering

Non-intrusive laser based spectroscopy methods have been established as the
techniques of choice for turbulent combustion diagnostics. Physical probe techniques are
often not feasible due to the ability of the measurement probe to survive the harsh
combustion environment and the disruption of chemical and fluid dynamics a probe
inserted into the flow field may cause. As such, a nonlinear optical technique called
coherent anti-Stokes Raman scattering (CARS) has been widely employed to obtain gasphase temperature measurements due to its high accuracy, precision, relative insensitivity
to the collisional environment, and because it can be applied even in highly luminous
flames. In addition to thermometry, CARS can be used to provide quantitative data
concerning relative species concentrations and pressure. The CARS signal is laser-like,
exhibiting a third-order dependence on laser power, and can be spatially separated from
background scatter. Many literature reviews and textbooks describe CARS theory in
extensive detail, describing experimental and theoretical spectral modeling techniques.
The technique been continually developed theoretically and experimentally over the last
four decades, to extend its range of applications and improve measurement accuracy and
precision.
1.3

Objectives and Organization of the Dissertation

A variation of the CARS technique, chirped-probe-pulse femtosecond CARS
(CPP fs-CARS), has been demonstrated as an advanced laser diagnostic technique for
temperature and concentration measurements at 5 kHz. The objective of the present
research is to establish the use of 5 kHz fs-CARS thermometry for temporal resolution of
turbulent fluctuations in flame structure and other transient events in reacting flows. The
technique has been applied for the first time to a combustor of practical interest and
extended to additional species of interest for local equivalence ratio measurements in
flames. The continued maturation of this laser diagnostic technique is a valuable
contribution to the combustion diagnostics community.
CPP fs-CARS pure vibrational N2 temperature measurements at 5 kHz have been
performed in non-premixed hydrogen jet diffusion flames, methane jet diffusion flames,

4
and two different partially premixed swirl flames. CPP fs-CARS species concretion
measurements at 5 kHz have been performed in a partially-premixed methane swirl flame
and a gas cell operated at various pressures up to almost 7 atm.
The outline of the dissertation is as follows. The next chapter, Theory of CARS,
describes the basic principles of this nonlinear optical measurement technique. Chapter 3,
Review of the Literature, contains a literature review on the development and application
of ultrafast CARS. The experimental laser system and theoretical spectral fitting
methodology are described are Chapters 4 and 5. The next four chapters address unique
challenges associated with different applications of CPP fs-CARS. Chapter 6 includes
results from studies performed in nearly turbulent free jet diffusion flames of hydrogen
and methane. Chapter 7 is adapted from the first paper published using this technique in a
turbulent combustor of practical interest. Chapter 8 contains thermometry and local
mixture fraction results from an experimental swirl burner which utilizes an
interchangeable 3D printed swirler for fundamental combustion studies. A more
fundamental spectroscopic study is described in Chapter 9 where CPP fs-CARS
measurements were performed for mixtures of gases in a room temperature cell up to
almost 7 bars. Chapter 10, finally, summarizes the results and explores the possible
outlook for investigations in this area in the future.
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CHAPTER 2. THEORY OF CARS

Raman scattering is the inelastic scattering of light from molecules, the basis for
Raman spectroscopy. Photons, most commonly from a laser source, are absorbed by a
Raman-active sample then reemitted at a frequency shifted up or down relative to the
input frequency. This frequency shift, the Raman shift, provides information about the
vibrational, rotational, and electronic transitions in molecules [1].
In general, the spontaneous Raman scattering processes are very weak with small
cross sections and care must be taken to experimentally distinguish it from strong
Rayleigh scattering signals to obtain high-quality Raman spectra. However, Raman
signals are species specific, linearly proportional to number density, and scale with the
difference in the molecule’s ground state population and vibrationally excited state
population to serve as a measure of temperature based on the Boltzmann distribution of
populated states.
A variation on Raman scattering based spectroscopy called coherent anti-Stokes
Raman scattering (CARS) employs multiple photons to couple with molecular vibrations
and rotations, and produces a coherent laser-like signal. As a result, CARS is orders of
magnitude stronger than spontaneous Raman emission and is often used in combustion
diagnostics [2]. It is based on a third-order nonlinear optical process involving
three laser beams: a pump beam, a Stokes beam, and a probe beam. These beams interact
with the sample medium to generate a coherent, laser like, optical signal at the antiStokes frequency. The frequency difference between the pump and the Stokes beams
coincides with the frequency of a Raman resonance of the molecule of interest.
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The CARS signal frequency arises from conservation of photon energy by,
𝜔𝐶𝐴𝑅𝑆 = 𝜔3 = 𝜔0 − 𝜔1 + 𝜔2

(2.1)

where ω0, ω1, and ω2 are the frequencies of the pump, Stokes, and probe laser beams,
respectively. The CARS signal generation and propagation direction are found from the
conservation of photon momentum,
𝑘𝐶𝐴𝑅𝑆 = 𝑘3 = 𝑘0 − 𝑘1 + 𝑘2

(2.2)

where k is the laser beam propagation vector. The CARS signal is generated when the
phase matching condition is satisfied; meaning photon momentum and energy is properly
conserved.
As molecules such as nitrogen and oxygen do not have directly accessible
resonant transitions in the visible or near infra-red, Raman excitation is necessary to
probe these molecules. For comparison, energy level diagrams are shown for the Raman
scattering and CARS resonant and nonresonant processes.

Figure 1: Energy level diagram of the Raman scattering, CARS, and non-resonant FWM processes.
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The resonant CARS signal is produced by photon interaction with transitions in
the molecule of interest, and as such has a strong dependence on molecular parameters
and thermodynamic properties. The nonresonant CARS signal may arise from photon
interactions with electrons from any molecule in the probe volume or any scheme in
which a four wave mixing condition is satisfied. Since the resonant and nonresonant
CARS signal are generated at the same frequency, suppression of the nonresonant
background has been the focus of many experiments.
2.1

Calculating CARS Signal Intensity

Equations governing CARS signal generation derived from the wave equation in a
polarizable medium are discussed in great detail in previous works [1,3,4]. The intensity
of the CARS signal, ICARS, is proportional to the polarizability of the medium,

(3)

(3)

2

𝐼𝐶𝐴𝑅𝑆 (𝑡, 𝜏01 , 𝜏12 ) ∝ |𝑃𝑟𝑒𝑠 (𝑡, 𝜏01 , 𝜏12 ) + 𝑃𝑁𝑅 (𝑡, 𝜏01 , 𝜏12 )|

(2.3)

where P(3)res is the resonant time dependent third order polarization density, P(3)NR is the
non-resonant polarization density, τ01 is the time between pump and Stokes beams, τ12 is
the time between Stokes and probe beams. The total third order polarization is given by
the Maker-Terhune expression [3],
(3)

𝑃𝑖

(3)
(𝜔3 , 𝑟⃗) = 𝜀0 𝜒𝑖𝑗𝑘𝑙
(−𝜔3 , 𝜔0 , −𝜔1 , 𝜔2 )𝐸𝑗 (𝜔0 , 𝑟⃗)𝐸𝑘∗ (𝜔1 , 𝑟⃗)𝐸𝑙 (𝜔2 , 𝑟⃗)

0 = 𝜔0 − 𝜔1 + 𝜔2 − 𝜔3

(2.4)
(2.5)

where ε0 is the permittivity of free space, and χ(3) is the third order susceptibility of the
medium. This third order dependence on laser intensity is what makes the CARS signal
orders of magnitude larger than other spectroscopic methods like fluorescence and
spontaneous Raman. The third order susceptibility is a tensor, and for an isotropic
medium there are 21 non-zero tensor elements out of 81. The equations simplify greatly
once one assumes all laser beams are vertically polarized in the same direction, two of the
lasers are degenerate in frequency, and the phase matching condition is satisfied.
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Now the third order polarization, the electric field, and the CARS signal intensity can be
written,
𝑃(3) (𝜔3 , 𝑟⃗) = 𝜀0 𝜒𝐶𝐴𝑅𝑆 𝐸(𝜔0 , 𝑟⃗)𝐸(−𝜔1 , 𝑟⃗)𝐸(𝜔2 , 𝑟⃗)
𝜔3
𝐸(𝜔3 ) = 𝑖
𝜒
𝐸 2 (𝜔0 )𝐸 ∗ (𝜔1 )𝑙
2𝑐 𝐶𝐴𝑅𝑆
1
𝜔32
𝐼3 = 𝑐𝜀0 |𝐸(𝜔3 )|2 = 4 2 𝐼02 𝐼1 |𝜒𝐶𝐴𝑅𝑆 |2 𝑙 2
2
𝑐 𝜀0

(2.6)
(2.7)
(2.8)

where c is the speed of light, and l is the laser propagation length over which the three
beams overlap and the CARS signal is generated.
In Equation (2.3), a time dependent form of the polarization is considered because
the Raman coherence generated by impulsive excitation of the pump and Stokes beams is
actually an ensemble of oscillators which evolve in time as a rotational or vibrational
wavepacket. The evolution of this wavepacket can be described by the time dependent
third order polarization. The third order susceptibility contains information regarding the
molecular response of the medium due to interaction with the laser beams electric fields.
2.2

CARS Susceptibility

The CARS susceptibility function has a resonant and nonresonant contribution
given by,
𝜒𝐶𝐴𝑅𝑆 (𝜔0 , 𝜔1 ) = ∑ (𝐾𝑗
𝑗

𝛤𝑗
) + 𝜒𝑁𝑅
2∆𝜔𝑗 − 𝑖𝛤𝑗

(2.9)

where the subscript j denotes the various transitions contributing to the total Raman
coherence, Kj is the Raman transition line strength, and Γj is the homogeneous Raman
line width. The detuning parameter in Equation (2.4) is defined as,
∆𝜔𝑗 = 𝜔𝑗 − (𝜔0 − 𝜔1 )

(2.10)

where ωj is the energy difference between upper and lower levels of the molecule’s
Raman transition. For a strong coherence in the medium to be generated, the pump and
Stokes frequencies are tuned to a Raman transition of interest.
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2.2.1 Raman Transition Frequency
The Raman transition frequencies are calculated from the discrete energy states
that arise from solutions of the time-independent Schrodinger equation describing
fundamental atomic motion. Solutions can be straightforward for rigid rotor and
harmonic oscillator approximations of simple diatomic molecules. Also the BornOppenheimer Approximation can be used for molecular motions of translation, vibration,
and rotation since electron motion is orders of magnitude faster than that of the nuclei.
A full quantum mechanical treatment on this topic is given in many texts [5-8],
the main point is that solving the Schrodinger equation for energy eigenvalues results in
spectroscopic selection rules. The total energy of a molecule is equal to the sum of its
electronic, vibrational, rotational, and translational energy. For ro-vibrational transitions
in diatomic molecules, the energy levels can be calculated from,
1
1 2
𝐸v,𝐽 = ℎ𝑐𝜔𝑒 (v + ) − ℎ𝑐𝜔𝑒 𝑥𝑒 (v + ) + 𝐹(𝐽)
2
2
1
1 2
𝐹(𝐽) = ℎ𝑐 [𝐵𝑒 − 𝛼𝑒 (v + ) + 𝛾𝑒 (v + ) ] 𝐽(𝐽 + 1)
2
2
1
1 2 2
− ℎ𝑐 [𝐷𝑒 − 𝛽𝑒 (v + ) + 𝛿𝑒 (v + ) ] 𝐽 (𝐽 + 1)2
2
2

(2.11)

(2.12)

where, v is the vibrational quantum number, J is total angular momentum (or the
rotational quantum number), ωe is the vibrational constant, ωexe is the anharmonicity
constant, Be is the rotational constant, and D0 is the centrifugal distortion term. F(J) is the
rotational energy term and Be, ae, γe, De, and βe are the Herzberg molecular parameters.
Only discrete energy levels can be occupied associated by the vibrational and rotational
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quantum numbers. This equation can be expanded to add higher orders of accuracy. The
spectroscopic selection rules are:

Table 1: Spectroscopic Selection Rules

Transition Type
Vibrational
Pure Rotational
Pure Rotational

∆v Rule
±1
0
0

∆J Rule
0, ±2
+2
-2

Branch
Q
S
O

Constants for Equation (2.11) and Equation (2.12) can be readily found in the literature
for most diatomic molecules of interest in combustion. The Raman transition frequency is
calculated by the energy difference between two states given by,
𝜔𝑛,𝑚 =

2𝜋
(𝐸 − 𝐸𝑚 )
ℎ𝑐 𝑛

(2.13)

where subscripts m and n denote transition from initial state m to final state n, and h is
Planck’s constant .

2.2.2

Raman Transition Line Strength

Strength of the Raman transitions are determined from the Franck-Condon
overlap of the ground and excited state molecular wavefunction. The Raman transition
line strength, Kj, is given by,
𝐾𝑗 =

(4𝜋)2 𝜂𝑟𝑒𝑓𝑟 𝜀0 𝑐 4 (𝑛𝑚 −
𝜂𝑟𝑒𝑓𝑟 ℎ𝜔24 𝛤𝑗

𝑔𝑚
𝑔𝑛 𝑛𝑛 ) 𝜕𝜎
( )
𝜕𝛺 𝑗

(2.14)

where nrefr is the sample medium’s refractive index (assumed to be one for most gasses),
the statistical population distribution in the medium, Γj is the transition line width, and
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(do/dΩ)j is the molecule’s Raman cross section. The statistical population distribution is
dependent on temperature and can be calculated from the Boltzmann distribution by,
𝑁𝑚
𝑔𝑚 𝑒 −𝐸𝑚 ⁄𝑘𝐵 𝑇
=
𝑁𝑡𝑜𝑡
𝑍(𝑇)

(2.15)

𝑍(𝑇) = ∑ 𝑔𝑚 𝑒 −𝐸𝑚 ⁄𝑘𝐵 𝑇

(2.16)

𝑚

where g is the energy state’s degeneracy, E is the state energy, kB is the Boltzmann
constant, and Z(T) is the partition function which normalizes the distribution to the sum
of the population in all possible states. Rotational nuclear degeneracy, gnuc, can be
calculated from the following equations,
𝑔𝑛𝑢𝑐 = (2𝐼 + 1)2
𝑔𝑛𝑢𝑐 (𝑔𝑛𝑢𝑐 + 1)
𝑔=[
]
2
𝐽 𝑒𝑣𝑒𝑛
𝑔𝑛𝑢𝑐 (𝑔𝑛𝑢𝑐 − 1)
𝑔=[
]
2
𝐽 𝑜𝑑𝑑

(2.17)
(2.18)
(2.19)

where I is the nuclear spin. So for nitrogen, g = 6 for even J levels and g = 3 for odd J
levels. The Raman cross section function is different for Q, S, and O branch transitions.
For Q-branch vibrational CARS, the cross section can be calculated from,

(

𝜕𝜎
𝜔24 (𝑣 + 1)ħ
4
)
=
[(𝑎′)2 + 𝑏𝐽𝐽 (𝛾′)2 ]
2
2
4
𝜕𝛺 𝑧𝑧,𝑗 32𝜋 𝜀0 𝑐 𝑚𝑚𝑜𝑙 𝜔𝑗
45

(2.20)

where mmol is the molecule’s molecular weight, a’ is the isotropic polarization term, γ’ is
the anisotropic polarization term, and bJJ is the Placzek-Teller coefficient. For Q-branch
transitions, the Placzek-Teller coefficient is given by,

𝑏𝐽𝐽 =

𝐽(𝐽 + 1)
(2𝐽 − 1)(2𝐽 + 3)

(2.21)
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2.2.3

Raman Transition Line Width

Every Raman transition has an associated linewidth, denoted by Γj and found in
Equation (2.9), which is dependent on colliding species in the medium, temperature, and
pressure. The linewidth can be considered a sum of the effects of Doppler-broadened and
collisionally broadened spectral lines,
𝛤𝐽 = 𝛤𝐷𝑜𝑝𝑝𝑙𝑒𝑟 + 𝛤𝐶𝑜𝑙𝑙𝑖𝑠𝑖𝑜𝑛

(2.22)

Doppler broadening produces a Gaussian lineshape due to the light scattered from
particles moving towards or away from the detector. The collisional broadening term is a
result of energy transfer from inelastic collisions of molecules. The Doppler broadened
and collisionally broadened linewidths are given by,

𝛤𝐷𝑜𝑝𝑝𝑙𝑒𝑟

2
𝑘𝐵 𝑇 0.5 𝐸𝑛 − 𝐸𝑚
= [2ln(2)
]
𝑐
𝑚𝑚𝑜𝑙
ℎ𝑐

(2.23)

𝛤𝐶𝑜𝑙𝑙𝑖𝑠𝑖𝑜𝑛 = 𝑃 ∑ 2𝛾𝐽𝑖

(2.24)

𝑖

where γJ is the collisional broadening coefficient of the molecule of interest with species i,
and P is pressure. Determining collisionally broadened linewidths is difficult, but
required for accurate spectral modeling of most nanosecond CARS experiments but not
for femtosecond CARS.
2.3

Phase Matching

Many phase-matching schemes are possible for CARS experiments and each one
has advantages and disadvantages. The most often selected scheme is folded BOXCARS
[9] because it offers good spatial resolution at the probe volume while generating the
CARS signal spatially separated from the three input beams for easy detection and
frequency discrimination.
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Figure 2: Phase matching (left) and laser beam geometry (right) for the BOXCARS arrangement [10].
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CHAPTER 3. REVIEW OF THE LITERATURE

Coherent anti-Stokes Raman scattering (CARS) spectroscopy has been used
extensively for investigating combusting temperature and species concentration, and
several excellent reviews of the subject can be found in Eckbreth [1] and Roy et al. [2].
The focus of this literature review is the application of CARS spectroscopy for
quantitative gas-phase thermometry and species concentration measurements.

3.1

Gas Phase CARS Measurements

Coherent anti-Stokes Raman scattering (CARS) spectroscopy was first
demonstrated in 1965 by Maker and Terhune [4]. Then not until 1974 was the
terminology “CARS” coined by Begley et al. in [5]. Initially, solid-state materials were
investigated since the intensity of generated light is highly dependent on density. The first
gas-phase concentration measurements were performed using a Q-switched ruby laser
probing in 1974 by Regnier et al. [6], and the first temperature measurements were
performed by Moya et al. on hydrogen gas in 1975 [7]. Since the initial experiments,
CARS has been used extensively for concentration and temperature measurements in
reacting and non-reacting gas-phase flowfields.
Nitrogen CARS thermometry is the most commonly employed CARS technique
due to the usual abundance of nitrogen in reacting flow [1]. CARS spectroscopy directly
probes the temperature dependent Boltzmann-distributed population of vibrational and
rotational energy states. Diatomic molecules, like nitrogen, exhibit well-defined
vibrational and rotational spectra which are easily modeled from quantum theory, leading
to highly accurate temperature measurements. The resulting amplitude of the CARS
signal

is

proportional

to

the

number

density

of

the

targeted

species.
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Pure rotational CARS has been used extensively for low flame temperature
measurements where the technique is most accurate and for simultaneous excitation of
multiple species. Efforts have been made to extend the technique to higher temperatures
[8] and high pressure systems [9] by carefully determining excited rotational transition
line strengths and linewidths. Nitrogen vibrational CARS is most accurate at
temperatures greater than ~1250 K where a significant amount of the ground state
population is shifted into higher vibrational energy levels, called hot bands.
3.2

Nanosecond CARS

The use of broadband dye lasers extended ns-CARS thermometry, once a
scanning technique, to turbulent flames, practical combustors, and internal combustion
engines. Broadband lasers provided the means to excite the entire nitrogen Q-branch
spectrum at once and obtain a complete CARS spectrum in a single-laser-shot at
combustion temperatures [3]. Surveys of many N2 Q-branch ns-CARS thermometry
experiments reported in 1996, 2002, and 2010 revealed a typical precision of about 3%
standard deviation for averaged spectra and approximately 10% for single-shot
measurements [2,10] though more recent experiments report as good as 2% standard
deviation for single-shot measurements [11]. Additional efforts are often required to
improve the precision of ns-CARS measurements in turbulent flames. Nanosecond CARS
spectra are highly sensitive to collisions and require complex corrections to Raman
linewidths at high pressure [12]. Suppression of the nonresonant CARS signal
contribution is limited to polarization techniques which reduce the resonant CARS signal
simultaneously [13,14].
In a comprehensive effort to determine the accuracy and precision of ns-CARS
temperature measurements taken of methanol-based pool fires, Kearney et al. compared
CARS measurements in furnace-heated air to a thermocouple [15]. At temperatures in
excess of 500 K, their furnace results showed the CARS measurements accurate to within
2–3% and precise to within 3 to 5% of the measured absolute temperature. They used
shot-averaged nonresonant CARS spectra from argon to normalize single-shot data and
remove the impact of the changes in the Stokes-dye-laser spectrum. More recently,
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Lockett et al. employed N2 Q-branch ns-CARS thermometry to study the auto-ignition
process for various operating conditions of a spark ignition Otto engine [10]. In an effort
to improve measurement accuracy, a cross-correlation method was used to match spectra
from a specially designed high pressure, high temperature cell with that of the engine.
Still, they reported cycle-to-cycle variation in the engine in combination with dye laser
mode fluctuations led to a single-shot uncertainty in the local fuel–air mixture and
temperature in the engine of approximately 7%. The first application of dual-pump, dualbroadband ns-CARS in the exhaust stream of a liquid-fueled combustor of practical
interest, performed by Meyer et al., yielded temperature measurements with excellent
precision, 3 to 4% standard deviation over a range of equivalence ratios 0.45 to 1.0 [16].
Generally, high precision measurements at low equivalence ratios are more difficult.
The use of simultaneous pure rotational and vibrational N2 CARS (PRCARS &
VCARS) has been employed in order to achieve high dynamic range temperature
measurement accuracy [17-19]. PRCARS is preferred at low temperatures, below ~1000
K, due to its higher sensitivity, accuracy and precision relative to VCARS. The accuracy
of VCARS is enhanced at temperatures of 1000 K and above due to the appearance of the
first vibrational hot band [20]. Recently, two-beam simultaneous pure rotational and
vibrational CARS has been developed and demonstrated [11]. Traditional ns-CARS as
well as all simultaneous pure rotational and pure vibrational CARS experiments
performed to date employ 10 Hz Nd:YAG lasers. This sampling frequency is insufficient
to resolve turbulent combustion events. Now, high-repetition-rate lasers are commercially
available for observation and evaluation of various instability modes in turbulent reacting
flows [2]. Another issue with ns-CARS is the broadband dye lasers commonly used
exhibit shot-to-shot fluctuations of their output spectrum which must be accounted for,
typically by splitting off a small portion of the beam for direct spectrum measurement or
recording the nonresonant CARS spectrum generated in argon [15].

3.3

Femtosecond CARS

Ultrafast broadband solid-state mode-locked lasers are more stable, offer excellent
shot-to-shot spectral stability reducing systematic errors encountered with typical
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broadband dye lasers used for nanosecond CARS, and operate at much higher repetition
rates. Nanosecond CARS depends on frequency domain analysis of the signal, whereas
due to the nature of broadband femtosecond lasers, fs-CARS requires time domain
analysis. The 2010 survey of applications of CARS spectroscopy for reacting flow
diagnostics highlights the many advantages of fs-CARS over traditional ns- and psCARS techniques [2].
Broadband femtosecond laser pulses excite many Raman transitions at once,
creating a strong coherence in the sample medium [22]. This allows fs-CARS
temperature measurements based on the dephasing rate after initial excitation of the
Raman coherence of the molecule by the pump and Stokes beams. Thermometry using fsCARS was first demonstrated in 1999 with an amplified modelocked femtosecond laser
by Motzkus et al. [24]. The temperature was derived by fitting VCARS signals using a
phenomenological molecular response. If one uses a chirped-probe-pulse (CPP), a
method introduced by Lang et al. [25], the Raman coherence temporal decay can be
mapped onto the frequency of the CARS signal allowing single-laser-shot measurements.
Single-shot thermometry using the frequency spread dephasing (FSD) principle was first
theorized by Lucht and demonstrated in 2006 [22]. Frequency-spread dephasing is based
on the fact that as temperature increases, an increasing number of rotational and
vibrational levels become populated, and the initial Raman coherence de-phases more
rapidly due to increased interference between transitions. Experiments have shown the
CARS signal is nearly independent of molecular collisions after the initial excitation of
the coherence and the initial decay rate of the Raman coherence in gas phase
measurements depends only on temperature [20,22]. Focusing on the first few
picoseconds after excitation will result in collision-free measurements for pressures up to
20 bar [26]. This simplifies theoretical modeling of fs-CARS spectra and improves
accuracy by eliminating the need for Raman linewidth information [2]. The accuracy of
fs-CARS temperature measurements is affected by the accuracy of calculated laser
parameters and accuracy of the reference flame temperature [27].
Since the review by Roy et al., studies have demonstrated the improved accuracy
of fs-CARS thermometry of reacting flows. Richardson et al. demonstrated excellent
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precision of the fs-CARS technique for flame measurements, with standard deviations of
1-1.5% of the mean temperature over a wide range of operating conditions [28].
Measurements were performed in a driven non-premixed hydrogen-air flame with
nitrogen coflow and a turbulent methane–air Bunsen burner flame. Bangar et al. reported
fs-CARS temperature measurements of a hydrogen-air jet diffusion flame at 5 kHz [29].
They were able to resolve temperature fluctuations occurring due Kelvin-Helmholtz type
instabilities and vortices present from the interaction of hot combustion gases and cold
ambient air; measured temperatures ranged from 400 to 2500 K with 2% standard
deviation. In addition to fs-CARS thermometry, the nature of the broadband fs-laser
pulses has allowed relative concentration measurements to be performed from the
simultaneous excitation of N2 and CO [30], and O2 and CO2 [31].
A summary of the research groups currently performing gas phase fs-CARS
measurements and developing further advances on the technique is given in Table 2.

Table 2: Summary of recent efforts in femtosecond CARS.

Research Group
Lucht Group, Purdue
University
Spectral Energies and AFRL
(Kulatilaka, Roy, Gord)

Significant Contribution,
Latest Efforts
CPP fs-CARS in highly
turbulent flames
Line imaging CPP fs-CARS
thermometry, fundamental
studies on saturation of Raman
transitions, extension of fsCARS to multiple species with
novel pulse shaping
techniques

References
[32]
[33], [34]
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Table 2: Continued

Sandia Combustion Research
Facility in Livermore, CA
(Bohlin, Kliewer, Patterson)

Sandia Engineering Science
Center in Albuquerque, NM
(Kearny)
Meyer Group, Iowa State
University

Hybrid fs/ps line imaging and
2D CARS, split probe
technique for on-the-fly
collision corrections, Two
beam ultra-broadband 20 Hz
CARS for N2, H2, CO2, O2,
CH4
CARS applications to highly
sooting flames, Hybrid fs/ps
PRCARS using SHBC,
optimizing pump/Stokes delay
for PRCARS thermometry
Hybrid fs/ps CARS for CH4
and N2, Dual-pump fs/ps
vibrational and rotational
CARS for temperature and
species

[35], [36], [37]

[15],[38],[39]

[40], [41], [42]

Though the focus of this dissertation is on gas phase measurements, very notable work
has been done on condensed phase materials with femtosecond lasers. The Motzkus
Group at Heidelberg University in Germany has demonstrated single beam fs-CARS for
microscopy applications [43] and uses ultrafast lasers for the coherent control of chemical
processes. At Michigan State University, the Dantus Group works on novel pulse shaping
technologies and studies fs-laser filamentation [44], uses fs-CARS for medical imaging,
and standoff explosives detection [45]. The pioneering experiments performed on solid
phase materials require low pulse energies due to the generated signal intensity
dependence on density, however these techniques have the potential to be extended for
use as gas phase diagnostics in the future.
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CHAPTER 4. EXPERIMENTAL SYSTEM

4.1

Principles of the Ultrafast Laser Operation

The Coherent laser system used for all experiments presented here is a equipped
with a passively modelocked oscillator (Mantis, Coherent Inc.), a pulse shaper (Silhouette,
Coherent Inc.), and an optical parametric amplifier (OPerA Solo, Coherent Inc.). The
laser gain medium is titanium ion doped sapphire, or Ti:Sapphire. This crystal has a large
gain bandwidth and can amplify pulses between 680 and 1100 nm which makes possible
the amplification of broadband sub-picosecond laser pulses. The Ti:Sapphire crystal is
pumped by the 527 nm output from a high energy diode pumped Q-switched Nd:YLF
laser, and lasing occurs at 800 nm.
The laser works on the principle of chirped pulse amplification. First, a very short
mode-locked laser pulse is generated at a repetition rate of 80 MHz. Then it is stretched
in time to significantly reduce its peak power using a single grating pulse stretcher to
impart positive group velocity dispersion (GVD) to the pulse. The stretched pulse is then
amplified by a factor of ~106; greatly reducing the possibility of self-focusing and optical
component damage. Following amplification, the pulse is compressed to near its original
duration.

Figure 3: Schematic of the ultrashort laser pulse generation scheme.
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Amplification in the laser system is performed in two stages: a regenerative
amplifier and a single pass amplifier. Regenerative-type amplifiers are an efficient way to
obtain high-energy, high-peak power pulses. A low energy ‘seed’ laser pulse selected
from a modelocked pulse train is confined by polarization in the amplifier cavity. The
pulse is allowed to travel back and forth through the cavity, amplified during each pass,
to achieve a higher overall gain and then dumped from the cavity once appropriate energy
levels have been reached. In the single pass amplifier, the pulse passes through one time
for an amplification factor of approximately 2.
A fundamental relationship called the time-bandwidth product exists between a
laser’s pulse duration and its bandwidth giving rise to the broadband spectral output of
femtosecond lasers [1]. For a Gaussian laser pulse the relationship is given by,
∆𝑣∆𝑡 > 0.441

(4.1)

where ∆v is the bandwidth and ∆t is the laser pulse width in time. So for example, a 100
fs laser pulse with a fundamental output centered at 800 nm has a corresponding
bandwidth greater than 9 nm. The theoretical minimum value for the time bandwidth
product, which for a Gaussian pulse is 0.441, is called the transform limit.
The time dependent electric field of a laser pulse can be written in general as,
𝐸(𝑡) = 𝐴(𝑡)𝑒 −𝑖𝜔0 𝑡

(4.2)

where A(t) is the envelope function and ω0 is the carrier frequency. The frequency
spectrum of the laser pulse, given by E(ω), is the Fourier transform of E(t).
1
𝐸(𝜔) = ( ) ∫ 𝐸(𝑡)𝑒 −𝑖𝜔𝑡 𝑑𝑡
2𝜋
𝐸(𝜔) = 𝐴(𝜔 − 𝜔0 )

(4.3)
(4.4)

The functions A(t) and E(t) are complex and only the square of the electric field, |E(t)|2 or
|E(ω)|2, is readily observable by a photo detector or power meter. The imaginary
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components of the electric field contain information about the phase variation within the
pulse. This information can be inferred from measurements of the pulse envelope
intensity, |A(t)|2, and the laser power spectrum, |A(ω)|2 and calculation of the timebandwidth product, T.
∆𝑡 = 𝐹𝑊𝐻𝑀(|𝐴(𝑡)|)2
∆𝑣 = 2𝜋𝐹𝑊𝐻𝑀(|𝐴(𝜔)|)2
∆𝑣∆𝑡 = 𝑇

(4.5)
(4.6)
(4.7)

The time-bandwidth product is a useful estimate of ultrafast laser pulse quality.
The value for T achieves its theoretical minimum value when A(t) is purely real and the
pulse has a constant, flat phase.

4.2

Pulse Shaping, MIIPS

In order to produce laser pulses with optimum quality, coherent phase, and nearly
transform limited bandwidth, the output of Mantis oscillator system is sent through a
pulse shaper based on phase retrieval by Multiphoton Intrapulse Interference Phase
Scanning (MIIPS). The measurements are closed loop to manipulate spectral phase and
amplitude of ultrafast laser pulses. The low energy modelocked oscillator output is sent
through the pulse shaper before stretching and amplification and iteratively shaped using
MIIPS based measurements of the final compressed output laser pulse. For these
experiments, pulse shaping helps eliminate phase distortions in the beam to generate the
best possible CARS signal.
The pulse shaper uses zero-dispersion 4-f geometry, where the optical
components are spaced equally based on the focal length of the lenses. The geometry is
shown in Figure 4 [2].
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Figure 4: Schematic of 4-f pulse shaper layout [2].

First, the input beam dispersed to spatially resolve the different spectral
components with the first grating and lens combination. Next, the dispersed beam passes
through the SLM, or spatial light modulator. The SLM is a 128 pixel liquid crystal array.
Each pixel is electrically controlled to vary its index of refraction varying transmitted
laser intensity. After passing through the selectively controlled SLM, the laser beam goes
through an identical lens and grating combination which recombine the spectral
components into the desired transform limited pulse.

4.3

Optical Parametric Amplifier

The CARS process requires at least two different frequencies of input photons in
order to generate Raman coherence. For the current experiments, the fundamental output
of the Ti:Sapphire laser at 800 nm provides one frequency. The second frequency is
generated by optical parametric amplification (OPA) of white light continuum using an
OPerA-Solo from Coherent.
Optical

parametric

amplification,

sometimes

called difference

frequency

generation, requires two input light beams, and pump beam and signal beam, of
frequency ωpump and ωsignal. The process can be described as,
𝜔𝑝𝑢𝑚𝑝 = 𝜔𝑠𝑖𝑔𝑛𝑎𝑙 + 𝜔𝑖𝑑𝑙𝑒𝑟

(4.8)
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where ωidler is the frequency of a newly generated photon. During the OPA process, the
pump laser beam is made weaker, the signal beam is amplified, and a new beam, the idler
beam, is generated. The pump and idler photons travel collinearly through a nonlinear
BBO crystal. Phase matching is required for the process to work efficiently.
The OPerA-Solo is a two-stage amplifier of white light continuum. Its optical
layout consists of several stages: pump beam delivery and splitting, white light
continuum generator, a pre amplifier for first amplifier stage, a beam expander-collimator,
and the second amplifier stage. The system uses computer controlled translation and
rotation stages to allow fast and precise control over the output beam wavelength.
Wavelength tuning is achieved by changing the delay of the white-light pulse with
respect to the pump laser pulse and the BBO crystal angle. Internal frequency mixers,
different non-linear crystal sets, can extend the OPA wavelength tuning range into the
ultraviolet, visible, and mid-infrared.
The OPA process requires an input laser with a Gaussian spatial profile with
mode quality of M2<1.3, no hot spots, and astigmatism less than 0.15. An ideal input
laser beam is diffraction limited, transform limited, and has high contrast. The pulse
shaper is a critical component which facilitates good conversion efficiency of the OPerASolo.

4.4

The CPP fs-CARS Laser System

A schematic diagram of the system layout is shown in Figure 5. The 800 nm
fundamental beam from the Ti:Sapphire amplifier (Coherent Legend Elite Duo), is used
to generate the pump, Stokes and probe beams required for the CPP fs-CARS experiment.
The laser produces pulses at a repetition rate of 5 kHz with a duration of ~50 fs and a
bandwidth of ~ 360 cm-1. Most of the 800 nm fundamental output, 80 %, is used to pump
an optical parametric amplifier (Coherent OPerASolo) with output wavelength centered
at 675 nm for use as the pump laser beam. The remainder of the fundamental output is
divided again, with 70% used for the chirped probe beam and 30% for the Stokes laser
beam. The probe beam chirp is created by directing the laser beam through a glass rod
(30 cm of SF-10 glass) which stretches the temporal width of the pulse from ~50 fs to ~2

27
ps. The single-pulse laser energies at the probe volume are approximately 55, 60, and 140
µJ for the pump, Stokes, and chirped probe beam, respectively. The spectral bandwidths
of the pump, Stokes, and CPP beams were 264 cm-1, 406 cm-1, and 422 cm-1 full width at
half-maximum (FWHM), respectively.

Figure 5: Schematic diagram of the CPP fs-CARS experimental system.

Phase matching is ensured by using the well-established folded BOXCARS beam
propagation geometry [3]. Spatial overlap at the probe volume was achieved by focusing
all three beams, using a 200 mm lens, through a 50 μm pinhole. Temporal overlap is
established by placing a nonlinear BBO crystal at the probe volume and carefully
adjusting the optical path lengths of the chirped probe and Stokes pulses until a
nonresonant CARS signal was observed. Since the CPP fs-CARS is generated at 5 kHz,
the signal is visible to the naked eye which makes the alignment of the detection channel
convenient.
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The CPP fs-CARS signal beam, generated by the combination of spatially and
temporally overlapped CPP, Stokes, and pump pulses, was then focused onto the entrance
slit of a 0.25 m spectrometer with 1200 g/mm grating. The CARS signal was recorded
using an electron multiplying charged coupled device (Andor iXon EMCCD), equipped
with an optical mask to limit the signal illumination region to the bottom 50 rows of
pixels. The EMCCD was vertically binned across the bottom 50 rows to allow for image
acquisition at 5 kHz.

4.5

CPP fs-CARS Measurement Probe Volume

The three CARS input beams were focused to the probe volume using a 200-mm
plano-convex lens in the folded BOXCARS geometry with a crossing angle of
approximately 3°. This arrangement produced a focused beam waist diameter of
approximately 50 microns.
The probe volume length was determined by translating a 100 µm thick Type-I
BBO crystal through the probe volume along the propagation direction of the three laser
beams. The nonresonant CARS signal generated inside the crystal was then recorded. The
normalized CARS signal strength versus crystal position is shown in Figure 6. The probe
volume length was approximately 400 µm, corresponding to the FWHM, or 600 µm for
the 10% to 10% of the maximum. For comparison, typical probe volume lengths reported
for ns-CARS experiments are 1 to 2 mm [4-6]. The excellent spatial resolution of these
measurements is attributed to the low beam divergence and excellent Gaussian mode
quality of the ultrafast laser.
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Figure 6: CARS probe volume length measurement [7].

4.6

Hencken Burner Calibration Flame

The ‘Hencken burner’ is a commonly used reference flame for combustion
diagnostics [8]. This burner provides a very stable flame where downstream of the burner
face. The fuel and oxidizer flows rapidly mix above the burner surface and react to
produce a uniform flow of product gases near adiabatic equilibrium. Thus, the Hencken
burner is used to provide a range of known temperatures to calibrate the CPP fs-CARS
spectra. Digital mass flow controllers were calibrated and used to control the volumetric
flow rates of each of the gases. Typically, hydrogen-air equivalence ratios of 0.3, 0.5, and
0.8 are selected to provide temperature standards at 1190, 1640, and 2170 K respectively.
These standard temperatures were measured using the combined pure rotational/pure
vibrational ns-CARS experiment developed by Satija and Lucht [9], located in the same
laboratory. Their measured values are in agreement to within 0.2% of the calculated
adiabatic flame temperature. The probe volume for the CARS measurements in the
Hencken burner was located 35 mm above the center of the burner where the flame is
most stable and product gases have reached equilibrium.
CPP fs-CARS measurements in the Hencken burner at known flame temperatures
provide spectra at known temperatures for theoretical modeling and determination of the
electric field parameters of each laser beam. The electric field parameters, or laser
parameters, are required for the theoretical modeling and temperature calculation from
spectra obtained in flames of unknown temperature. Due to the stable nature of the
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Hencken burner, 2000 single laser shot spectra are averaged. Experimentally obtained
reference spectra from each equivalence ratio are theoretically fit using a genetic
algorithm based spectral fitting code, described in Chapter 5. Averaged experimental
spectra and corresponding theoretical best fits for four equivalence ratios in the Hencken
burner are shown in Figure 7.

Figure 7: Theoretical fits and experimental reference spectra representing an average of 2000 single-lasershot measurements in the Hencken burner flame [7].
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CHAPTER 5. GENETIC ALGORITHM BASED SPECTRAL FITTING CODE

Like nanosecond CARS thermometry, flame temperature is determined by fitting
an experimentally obtained spectrum to a theoretical CARS spectrum corresponding to
some temperature and specific Boltzmann distribution of populated states. Here, singlelaser-shot CPP fs-CARS spectra are first recorded in a Hencken burner flame for
calibration. Measurements in the Hencken burner at known flame temperatures provide
the parameters required to theoretically model spectra obtained from flames of unknown
temperature. Two thousand consecutive single laser shots corresponding to each
equivalence ratio in the Hencken burner are background corrected and averaged to create
a single reference spectrum. This process results in one reference spectrum for each
calibration equivalence ratio.
A genetic algorithm based spectral fitting code, developed by Richardson et al.
and described in detail in Refs. [1] and [2], is applied to each reference spectrum. During
this fitting process, the temperature is held constant at the adiabatic flame temperature
and the laser parameters required to generate the theoretical spectrum are varied to obtain
the best fit, determined by least squares error, of the experimental spectrum.
Once the laser parameter variables are determined, a single-shot algorithm is run
with laser parameter variables fixed while temperature, the ratio of the resonant to the
non-resonant scaling factor, and shape scaling factors are allowed to float. The result is
vibrational N2 CPP fs-CARS temperature measurements at 5 kHz.
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5.1

Laser Parameters and Other Spectral Fitting Variables

Theoretical modeling of CPP fs-CARS spectra requires solution of equations
presented in Chapter 2. Solving those equations requires the equation of the electric field
for each laser beam, the time delays between the pump and Stokes and Stokes and probe
beams, the polarization direction of the lasers, and the ratio of resonant to nonresonant
third order susceptibilities.
The electric field for each laser beam is defined by the spectral amplitude and
phase as explained in Section 4.1. The power spectrum for each laser beam is measured
using a fiber coupled spectrometer (Model HR2000 from Ocean Optics) and recorded as
an input for the spectral fitting code. Typical spectral profiles are shown in Figure 8.

Figure 8: Spectral profile of each laser beam, E(ω).

The spectral phase of each laser beam has a direct effect on the temporal
characteristics of the CARS signal. A signal in the frequency domain with arbitrary
spectral phase, Ψ(ω), can be written,
𝐸(𝜔) = |𝐸(𝜔)|𝑒 𝑖𝛹(𝜔)

(5.1)
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Spectral phase is commonly written in terms of its Taylor series expansion,
𝜕Ѱ
1 𝜕 2Ѱ
(𝜔 − 𝜔0 ) +
(𝜔 − 𝜔0 )2
2
𝜕𝜔
2 𝜕𝜔
4
1 𝜕 3Ѱ
1
𝜕
Ѱ
(𝜔 − 𝜔0 )3 +
(𝜔 − 𝜔0 )4 …
+
6 𝜕𝜔 3
24 𝜕𝜔 4

ѱ(𝜔) = ѱ(𝜔0 ) +

(5.2)

where ω0 is the center frequency of the spectrum. For the modeling algorithm, the
spectral phase is assumed to take the following forms for each laser beam,
2

3

2

3

𝛹𝑝𝑢𝑚𝑝 (𝜔) = 𝛹2,𝑝𝑢 (𝜔 − 𝜔0,𝑝𝑢𝑚𝑝 ) + 𝛹3,𝑝𝑢 (𝜔 − 𝜔0,𝑝𝑢𝑚𝑝 )

𝛹𝑝𝑟𝑜𝑏𝑒 (𝜔) = 𝛹2,𝑝𝑟 (𝜔 − 𝜔0,𝑝𝑟𝑜𝑏𝑒 ) + 𝛹3,𝑝𝑟 (𝜔 − 𝜔0,𝑝𝑟𝑜𝑏𝑒 )
+ 𝛹4,𝑝𝑟 (𝜔 − 𝜔0,𝑝𝑟𝑜𝑏𝑒 )

(5.4)

4

2

𝛹𝑆𝑡𝑜𝑘𝑒𝑠 (𝜔) = 𝛹2,𝑆𝑡 (𝜔 − 𝜔0,𝑆𝑡𝑜𝑘𝑒𝑠 ) + 𝛹3,𝑆𝑡 (𝜔 − 𝜔0,𝑆𝑡𝑜𝑘𝑒𝑠 )

(5.3)

3

(5.5)

where Ψpump, Ψprobe, and ΨStokes is the spectral phase of the pump, probe, and Stokes
beams respectively, ω0,beam denotes the center frequency of each laser beam and the
polynomial coefficients describing the spectral chirp are defined in Table 3. The linear
terms of spectral phase are neglected as they do not contribute in the time domain
analysis. A quadratic spectral phase results in a linear chirp in the time domain and a
cubic spectral phase corresponds to a quadratic chirp in the time domain.
First the fitting algorithm calculates the phase of each laser beam, obtaining
center frequency from the laser beam power spectra and setting phase equal to zero for
frequencies with low power. The Fourier transform is calculated for each laser beam
resulting in real and imaginary components. Next the Raman coherence of the molecule
is calculated from the basic spectroscopic theory described in Chapter 2. Then pumping
efficiency of the Raman transitions is calculated based on the laser beam power spectra
while any contribution from phase variation is neglected. The temporal dependence of the
Raman coherence is calculated by summing over all transitions at each time step resulting
in ECARS(t).Next, the Fourier transform of the CARS signal beam, is calculated and the
IRF convolution performed in the frequency domain. The experimental CARS spectrum
is scaled and shifted to match theory and the least squares error of the fit is calculated for
iteration.
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The time delays between the pump and Stokes and Stokes and probe beams, and
the polarization direction of the lasers are all floating parameters which the genetic
algorithm based fitting code iterates over. The fitting code requires an ‘expected probe
time delay’ to be manually input, but no special measurements or additional information
is required.
The polarization response in the medium is proportional to the product of the
pump and Stokes beams electric fields, Ep and Es, and is defined by,
𝑃𝑛𝑟𝑒𝑠 (𝑡) = 𝛼𝜒𝑁𝑅 𝐸𝑝 (𝑡)𝐸𝑠 (𝑡)

(5.6)

where α is a scaling factor and χNR is the non-resonant susceptibility. This is responsible
for the non-resonant signal due to four-wave mixing described in Chapter 2. The resonant
response is proportional to the integrated product of the pump and Stokes electric fields
and is defined by,
𝑡

𝑃𝑟𝑒𝑠 (𝑡) = 𝛽 [ ∫ 𝐸𝑝 (𝑡 ′ )𝐸𝑠 (𝑡 ′ )𝑑𝑡 ′ ] × ∑ {∆𝑁𝑖 (
−∞

𝑖

𝑑𝜎
) cos(𝜔𝑖 𝑡 + 𝜑) 𝑒 −𝛤𝑖 𝑡 }
𝑑𝛺 𝑖

(5.7)

where β is a scaling factor, ΔN is the difference in population distribution, dσ/dΩ is the
Raman cross section, ω is the natural transition frequency, φ accounts for the resonant to
non-resonant signal phase shift, and Γ is the Raman linewidth. The ratio of the scaling
parameters from each susceptibility equation, β/α, is the CPP fs-CARS fitting algorithm
variable, Rβ/α.
In total, there are 10 laser parameters for solving electric field equations and 4
other fitting parameters. The variables are listed in Table 3 with a description and unit of
measure.
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Table 3: List of variables used in the CARS spectral fitting code.

Genetic Algorithm
Fitting Code Variable

Description

Unit of Measure

Ѱ2,pr

Coefficient of 2nd order spectral phase in
probe beam electric field

fs2

Ѱ3,pr

Coefficient of 3rd order spectral phase in
probe beam electric field

fs3

Ѱ4,pr

Coefficient of 4th order spectral phase in
probe beam electric field

fs4

Ѱ2,pu

Coefficient of 2nd order spectral phase in
pump beam electric field

fs2

Ѱ3,pu

Coefficient of 3rd order spectral phase in
pump beam electric field

fs3

Ѱ2,St

Coefficient of 2nd order spectral phase in
Stokes beam electric field

fs2

Ѱ3,St

Coefficient of 3rd order spectral phase in
Stokes beam electric field

fs3

Ф

Phase for Raman coherence

τ01

Time of arrival of the Stokes pulse

fs

PTD

Delay time between the Stokes and probe
laser pulses

ps

Scalar

Multiplier for vertical scaling, usually
between 0.9 and 1.1, fixes normalization
error

unit less

Shifter

Horizontal pixel offset, shifts the spectrum
slightly to the left or right.

Rβ/α
T

Ratio of resonant to non-resonant
susceptibility
Flame temperature

5.2

angle in degrees

nm
sr•nm•atoms-1
K

Instrument Response Function

When a monochromatic light source is incident on a spectrometer/detector system,
the output signal will have a finite spectral width. This width is referred to as the
instrument response function. The instrument response function (IRF) is dependent on

37
factors such as the dispersion of spectrometer’s grating, the width of the entrance slit, the
pixel size on the EMCCD, and any system aberrations present. In previous analysis by
our group, we did not account for the finite spectral resolution of our
spectrometer/detector system. Although it should have been obvious, the effects of this
omission were not apparent due to the broad spectral features in the lower frequency
region of the CPP fs-CARS spectra (e.g., 14,560 to 15,000 cm-1). In the determination of
the laser parameters from fitting CPP fs-CARS calibration spectra, there were enough
adjustable parameters that acceptable spectral fits were obtained for all temperatures.
However, the sets of laser parameters that resulted from this procedure were quite
different at different adiabatic calibration flame temperatures. The primary reason for this
temperature dependence now has been traced primarily to the lack of an instrument
response function in our analysis that accounts for the finite spectral resolution of the
spectrometer/EMCCD detection system.
Previous spectral fitting procedures for our group, [7-28], did not include an
instrument response function for CPP fs-CARS data analysis, an IRF has been added as
part of the work of this dissertation. The IRF was determined by measuring the spectral
width of neon atomic emission lines producing by a calibration lamp (Oriel Instruments,
lamp #6032) placed at the CARS probe volume location. The FWHM for the Gaussian
function, σ, was determined from the average ratio of the detected neon line spectral
width to the known atomic linewidth of four adjacent lines occurring between 659 and
705 nm. This procedure results in an IRF with FWHM equal to approximately 450 cm-1.
A simple Gaussian function was used to represent the IRF,
𝐼𝑅𝐹(𝜔) = 𝑒

−

(𝜔−𝜔𝑐𝑒𝑛𝑡𝑒𝑟 )2
𝜎2

(5.8)

where ωcenter is the center frequency observed on the EMCCD camera, or frequency
corresponding to pixel number 512.
Data from the Hencken burner was analyzed with and without the IRF. The
instrument response function was incorporated into the spectral fitting algorithm by
calculating the convolution of the theoretical frequency-domain CPP fs-CARS signal and
the response function. The experimental spectrum was shifted horizontally and scaled
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vertically to fit and the error between the experimental and theoretical spectrum was
calculated. Incorporating the IRF has improved the least squares error between theoretical
and experimental spectra by approximately 6%. Most improvement is seen in the higher
frequency region of recorded spectra, emphasized by the spectrum of argon analyzed
with and without IRF shown in Figure 9.

Figure 9: Argon CPP fs-CARS spectrum analyzed without (left) and with (right) an Instrument Response
Function.

By not accounting for the spectral response of the detection channel, the laser
parameters calculated using the spectral fitting code to define the electric fields of the
three laser beams are affected. The values for the resonant to non-resonant susceptibility
ratio and four laser parameters which changed the most when the IRF was incorporated
are graphed below, Figure 10, in terms of flame temperature in the Hencken burner.
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Figure 10: Laser parameters calculated with and without the Instrument Response Function.
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For each parameter calculated using the spectral fitting algorithm, adding the IRF
appears to minimize or eliminate the apparent dependence on temperature. These results
highlight the need to account for spectral response with an instrument response function
for CPP fs-CARS measurements even though the CARS signal contains seemingly broad
spectral features.

5.3

Nitrogen Model

The genetic algorithm based spectral fitting code contains a model for the
nitrogen vibrational CARS signal which calculates the ro-vibrational energy levels,
corresponding Raman cross sections, and upper and ground state populations. An overlap
integral is performed between the 3 laser beam electric fields to determine the Raman
pumping efficiency and calculate a theoretical CARS spectrum. Energy levels are
modeled by the following equations [8],
𝐸𝑣,𝐽 = 𝐺𝑣 + 𝐹𝑣,𝐽

(5.8)
2

𝐹𝑣,𝐽

1
1
𝐺𝑣 = 2358.57 (𝑣 + ) − 14.324 (𝑣 + )
2
2
1
= (1.9982 − 0.0173 (𝑣 + )) 𝐽(𝐽 + 1) − 5.76𝑒 −0.6 𝐽2 (𝐽 + 1)2
2

(5.9)
(5.10)

where the same conventions as that of Chapter 2 are used. The Raman cross section is
calculated from Equation (2.20) and the isotropic and anisotropic polarization invariants
are taken to be,
2

𝛼 ′ = 1.515𝑒 −59
2

𝛾 ′ = 2.062𝑒 −59

𝐶 4 𝑚2
𝐽2
𝐶 4 𝑚2
𝐽2

(5.11)
(5.12)

In order to alter the model for fitting other molecules such as CO, H 2O, or CH4
the proper form of the energy equation and correct spectroscopic invariants which vary
molecule to molecule must be used. One focus of this dissertation was to extend the CPP
fs-CARS technique to light hydrocarbons for the purpose of non-obtrusive local fuel
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concentration measurements; this work is explained in Chapter 9. Methane has a much
more complicated Raman spectrum than nitrogen. By to the 3N-6 rule, methane has 9
different vibrational modes compared to diatomic nitrogen’s one stretching mode. By
finding appropriate spectroscopic constants in the literature, the spectral fitting code can
be readily adapted to a variety of ‘simple’ molecules.
5.4

References

[1] D. R. Richardson, R. P. Lucht, W. D. Kulatilaka, S. Roy, J. R. Gord, Appl. Phys. B,
2011; 104, 699-714.
[2] D. R. Richardson, D. Bangar, R. P. Lucht, Opt. Express, 2012; 20, 21495-21504.
[3] C. N. Dennis, C. D. Slabaugh, I. G. Boxx, W. Meier, R. P. Lucht, Proc. Combust.
Inst., 2014; 35. In press
[4] S. Roy, P. J. Kinnius, R. P. Lucht, J. R. Gord, Opt. Commun. 2008; 281.
[5] J. R. Gord, T. R. Meyer, S. Roy, Ann. Rev. Anal. Chem. 2008; 1.
[6] S. Roy, D. R. Richardson, W. D. Kulatilaka, R. P. Lucht, J. R. Gord, Opt. Lett. 2009;
34.
[7] D. R. Richardson, R. P. Lucht, S. Roy, W. D. Kulatilaka, J. R. Gord, Proc. Combust.
Inst. 2011; 33.
[8] N. M. Laurendeau, Statistical Thermodynamics (Cambridge University Press, UK,
2005)

42

CHAPTER 6. NON-PREMIXED JET DIFFUSION FLAMES

Chirped probe pulse (CPP) femtosecond (fs) coherent anti-Stokes Raman
scattering (CARS) thermometry was performed at 5 kHz in non-premixed jet diffusion
flames with an air co-flow. The goal of this work was to produce high-repetition-rate,
high dynamic range temperature measurements using N2 CPP fs-VCARS in a jet
diffusion flame. This laboratory-type flame exhibits laminar flow near the nozzle with
turbulence increasing downstream due to unsteady interactions of buoyant structures in
the flame. These interactions provide a high dynamic range of flame temperatures for
investigation. At some measurement locations, the time-varying temperatures ranged
from 300 K to nearly 2450 K and the CARS signal intensity was a factor of
approximately 1000 times lower at 2400 K compared to 300 K.
6.1

Two Detection Channel System

The ability of CPP fs-CARS to maintain accuracy and precision over a wide range
of temperatures is limited by the dynamic range of commercially available CCD cameras.
The CARS signal increased over 3 orders of magnitude when going from flame
temperatures to ambient room conditions. An approach to overcome this was
demonstrated by Kearney [1], in which the CCD was binned in 8 separate vertical regions
with the ability to read each region individually for ns-CARS measurements in a large
scale turbulent pool fire. Due to the 5 kHz repetition rate required for CPP fs-CARS
measurements this approach is not feasible with current detector technology. Separate
regions of interest on a camera cannot be binned fast enough simultaneously. An
alternative which would be possible has been proposed in which only the portion of the
CARS spectrum which does not saturate the CCD be used for temperature calculations.
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This method can be difficult because during binning mode operation it is possible
to saturate many individual pixels without fully saturating the serial register.
For the current experiment, dynamic range is improved by implementing two
detection channels, dividing the CARS signal between two detectors.

We report a

standard deviation of less than 2% for near adiabatic hydrogen-air flame temperatures
ranging from 300 to 2450 K.

6.1.1

Experimental System

Again, the 800 nm fundamental beam from a mode-locked Ti:Sapphire laser
(Coherent Legend Elite Duo), is used to generate the pump, Stokes and probe beams
required for the CPP fs-CARS experiment. Complete details are presented in Chapter 4.
A schematic diagram of experimental system layout is shown in Figure 11.

Figure 11: Schematic diagram of the dual detection channel CPP fs-CARS experimental system.

The difference between this experiment and the setup presented in Chapter 4 is
the CARS signal detection optical path. The fs-CARS signal was directed through a
90/10 beamsplitter after the probe volume. Ninety percent of the signal was focused onto
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the entrance slit of a 0.25 m spectrometer and imaged on to an electron multiplying
charged coupled device camera (Andor iXon EMCCD). The EMCCD was equipped with
an optical mask to limit the signal image to the bottom 50 rows of pixels. The CCD was
vertically binned across the bottom 50 rows to allow image acquisition at 5 kHz.
The remaining ten percent was focused onto the entrance slit of a 0.25 m
spectrometer (Andor Shamrock 303) and imaged onto an Andor iXon Ultra EMCCD.
The second EMCCD camera has a faster vertical shift speed which allowed the bottom 60
rows to be binned for image acquisition at 5 kHz. Data from the two cameras was
acquired simultaneously. The EMCCD cameras were triggered by the fs-laser timing
circuit. In subsequent sections the CPP fs-CARS data from the two EMCCD cameras will
be referred to as detection channel 1 data (90% of the signal) and detection channel 2 data
(10% of the signal).
A Hencken burner providing a nearly-adiabatic, laminar, non-premixed hydrogenair flame served as the calibration flame for these experiments. Digital mass flow
controllers were calibrated and used to control the volumetric flow rate of each gas,
providing combustible mixtures with equivalence ratios less than 1.0. The probe volume
for the fs-CARS measurements was located 35 mm above the center of the burner where
combustion products have reached adiabatic equilibrium [2].
The jet flame burner consists of a 63.5-cm-long, 21.5 mm inner diameter fuel tube
followed by a 10.8-cm-long contraction section. The nozzle exit has an inner diameter of
5 mm. The nozzle was designed to provide a top-hat, uniform velocity profile. A 160 mm
diameter concentric co-flow of air helps to stabilize the flame and protect the flame from
room air currents. A photograph and schematic diagram of the experimental apparatus are
shown in Figure 12. Calibrated digital mass flow controllers supplied 9 SLPM (7.7 m/s)
of hydrogen to the fuel jet and 180 SLPM (0.15 m/s) of laboratory shop-air to the co-flow.
Femtosecond-CARS temperature measurements were performed at different radial
distances from the centerline of the nozzle. The measurements were performed at heights
corresponding to x/d of 1, 2, 3, 4, 5, 6, 8, 9, 10, 16, and 20, where x is the distance
downstream of the nozzle exit and d = 5 mm is the nozzle exit diameter. Horizontal and
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vertical translation stages provided control of the burner position with respect to the fixed
CARS probe volume location.

Figure 12: Photograph of the hydrogen/air flame (left), and schematic diagram (right) of the jet diffusion
flame apparatus.

6.1.2

CPP fs-CARS Spectral Acquisition

Single-laser-shot CPP fs-CARS spectra were first recorded in a Hencken burner
flame for calibration; the jet diffusion flame was then moved into place with the CARS
probe volume set at a fixed height above the jet nozzle exit. Measurements were
performed at various radial locations, 1.0 mm apart, spanning the width of the flame zone.
This process was repeated for each desired measurement height above the nozzle exit.
Femtosecond-CARS spectra resulting from 2000 consecutive laser shots were
recorded for four different Hencken burner equivalence ratios (Φ = 0.0, 0.3, 0.5, and 0.8).
The 2000 consecutive single laser shots corresponding to each equivalence ratio in the
Hencken burner were background corrected and averaged to create a single reference
spectrum. The genetic algorithm based spectral fitting code, developed by Richardson et
al. and described in detail in Ref. [3], was applied to each Hencken burner reference
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spectrum. Figure 13 shows average spectra for equivalence ratios of 0.0, 0.3, 0.5, and 0.8,
and the corresponding theoretical spectra returned as the best fits. The spectra shown
were recorded using detection channel 1.

Figure 13: Hencken burner reference spectrum and theoretical best fit calculated for detection channel 1
from Ф= 0.0, 0.3, 0.5, and 0.80.

Once the laser parameters are determined, the fitting procedure is performed for
the single-shot spectra obtained from the jet diffusion flame or Hencken burner with laser
parameter variables fixed and the temperature, the ratio of the resonant to the nonresonant susceptibilities, and horizontal pixel shifting factor allowed to float. Figure 14
shows histograms resulting from fitting of 2000 single-laser-shot CPP fs-CARS spectra
in the Hencken burner flame from detection channel 1.
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Figure 14: Histograms representing 2000 single-laser-shot measurements in the Hencken burner flame from
detection channel 1.

For each single-shot, the CPP fs-CARS spectral fitting was performed using all
four sets of laser parameters. The laser parameters resulting in the best theoretical
spectral fit, the lowest least-squares error, were used to calculate the flame temperature; a
method similar to one used in a previous study by Bangar et al. [4]. Standard deviations
of approximately 7% were found for the Ф = 0.0, or room air, case, 3.2% for Ф = 0.3, 2.4%
for Ф = 0.5, and 1.7% for Ф = 0.8. Also, the mean temperatures are in excellent
agreement with the adiabatic flame temperature for each equivalence ratio studied.
The calibration procedure was also performed for the data collected through
detection channel 2, only 10% of the CPP fs-CARS signal was detected through this
channel, and the signal-to-noise ratio for Ф = 0.5 and 0.8 was too low to obtain
meaningful data.
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Figure 15: Averaged experimental spectrum and theoretical best fit (left) and histogram (right) representing
2000 single-laser-shot measurements (right) in room air, from detection channel 2.

Figure 16: Averaged experimental spectrum and theoretical best fit (left) and histogram (right) representing
2000 single-laser-shot measurements (right) in a Hencken burner flame at Ф= 0.3, from detection channel 2.

The development of the two detection channel scheme was motivated by an initial
jet diffusion flame study. For analysis of this data, the temperature range minimum and
maximum for theoretical model fitting were set at 100 and 2600 K, respectively. During
this initial study, the CPP fs-CARS system was optimized to produce the maximum
possible CARS signal. This enabled us to acquire single-shot spectra with high enough
signal-to-noise ratios in the high temperature regions of the flame. However, with this
system the fs-CARS signals from gas near room temperature was intense enough to
significantly saturate the EMCCD camera. Thus, meaningful spectra from low
temperature gases could be obtained only by placing a neutral density filter in the
detection channel. However, in some parts of the flow field, low temperature and high

49
temperature gases are present in the same location at different instances in time. An
example of this is shown in Figure 17.
Figure 17 contains a time history plot of 2000 sequential single-laser-shot
temperature measurements from the probe volume located 38.1 mm above the jet nozzle
exit and 16.5 mm to the right of the centerline. The figure also shows the spectrum from
two typical single laser shots at that probe volume location. Laser shot #400 corresponds
to a time when the flow field fluctuations resulted in cold air at the probe volume. At this
instant the CARS signal was very intense and saturated the serial register of the EMCCD
camera, as indicated by the flat top peaks present in the experimental spectrum. As a
consequence of camera saturation, the theoretical model was not able to acceptably fit the
experimental spectrum resulting in an unreasonable determination of temperature. Laser
shot #1000 corresponds to a time when the hot flame gases were present in the probe
volume. Model calculations resulted in a theoretical spectrum showing good agreement
with the experimental spectrum.

Figure 17: Time history profile (A) and experimental spectrum with theoretical fit for laser shot 400 (B)
and 1000 (C) for the probe volume 38.1 mm above the nozzle exit and 16.5 mm to the right of the
centerline.
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The N2 VCARS signal varies by orders of magnitude from the temperature of
ambient air up to the adiabatic flame temperature of hydrogen while the EMCCD used
for these experiments has a well depth of 80,000 electrons. When a flame exhibits
buoyant fluctuations such as in this case, preventing detector saturation is a difficult
problem. Temperatures fluctuate on a timescale too rapid for manual insertion and
removal of a neutral density filter. By splitting the CARS signal and simultaneously
acquiring data from two detection channels, one EMCCD can be saturated and CPP fsCARS temperature measurements can still be obtained using the spectrum acquired on
the second EMCCD.
6.1.3

Results and Discussion

The graphs below show the radial hydrogen jet diffusion flame temperature
profiles corresponding to five heights above the jet nozzle exit. Points shown are the
average value from 4000 consecutive single-laser-shots at the probe volume location.
There are no results shown corresponding to the centerline, at r/d = 0, for lower x/d
locations due to insufficient nitrogen concentration for CARS signal generation.
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Figure 18: Radial temperature profiles in the jet diffusion flame corresponding to 5, 10, 20, 25, 40, and 80
mm above the jet nozzle exit plane.
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Error bars on each graph in Figure 18 do not reflect a lack of precision; rather
they represent one standard deviation calculated from the 4000 single-laser-shot
temperature measurements for a specific probe volume location. Measurement precision
originates from the standard deviation calculated from the 2000 measurements taken in
the near-adiabatic Hencken burner flame, which is between 1.5 and 3.5 percent.
Images of the jet diffusion flame taken at high speed highlight fluctuations in the
luminous flame zone. These fluctuations are consistent with the characteristic 10-20 Hz
oscillation frequency of Kelvin-Helmholtz instabilities present in free jet diffusion flames
due to buoyant interactions of hot combustion product gases and cooler ambient air [913]. Further from the jet nozzle exit air entrainment and turbulence increases, as seen in
the plot corresponding to x/d = 16.0 from Figure 18, temperature fluctuations increase
with radial distance.

Figure 19: High speed images of hydrogen/air jet diffusion flame.

Oscillations in the flame structure due to buoyancy effects were easily tracked by
the fs-CARS system; see Figure 20 through Figure 25 below. Shot-to-shot temperature
variations were observed which would not be evident using traditional 10 Hz ns-CARS.
To avoid redundancy, time history plots containing 4000 single-shot measurements are
shown for one side of the diffusion flame at each of the axial locations. Figure 18 shows
reasonable symmetry of the temperature measurements across the axial centerline of the
flame. Temperature measurements shown in the time history plots were obtained using
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signals from either of the two detection channels, depending on which one had the better
signal-to-noise ratio.

Figure 20: Time history profiles for probe volumes at various radial distances corresponding to x/d = 1.0.
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Figure 21: Time history profiles for probe volumes at various radial distances corresponding to x/d = 2.0.

Figure 22: Time history profiles for probe volumes at various radial distances corresponding to x/d = 4.0.

55

Figure 22: Continued

Figure 23: Time history profiles for probe volumes at various radial distances corresponding to x/d = 5.0.
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Figure 24: Time history profiles for probe volumes at various radial distances corresponding to x/d = 8.0.
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Figure 25: Time history profiles for probe volumes at various radial distances corresponding to x/d = 16.0.

Overall, the flame temperature time history profiles appear as expected. Plots
which exhibit an overall upward or downward trend with time are due to room air
fluctuations. Every laser shot resulted in a recorded CARS spectrum, no signal dropouts
occurred. At measurement locations above x/d = 3.0, the presence of inner flame small
scale structures and outer flame buoyancy driven large structures as documented by
Roquemore et al. [11] are clearly visible in the time history plots. Small scale structures,
begin to appear around 1.2 diameters from the centerline and large scale structures are
present ~2.4 diameters from the centerline. Data from ns-CARS thermometry on nitrogen
performed on a non-premixed hydrogen jet diffusion flame by Hancock et al. [14] has
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been digitized for comparison to the CPP fs-CARS results. The same jet flame apparatus
was used for each study with exception of the interchangeable nozzle contraction portion
and fuel mass flow rates. Figure 26 shows the comparison for the peak flame temperature
in terms of axial location in the flame and the location of the flame temperature
maximum in terms of its axial and radial position. For the Hancock et al. work, a
nanosecond laser system was used and the average of 100 laser shots of the nitrogen
CARS spectra were analyzed for temperature using the Sandia code CARSFIT. Here the
peak CPP fs-CARS temperature corresponds to the maximum average temperature from
4000 single-laser-shots, reported in Figure 18.

Figure 26: Comparison of ns-CARS thermometry by Hancock et al. [14] and the CPP fs-CARS
measurements.

The overall flame shape shows good agreement despite the differences in flow conditions.
Hancock et al. had a fuel mass flow rate of 21.25 SLPM and a nozzle exit diameter of 10
mm, the present study used a hydrogen flow rate of 9 SLPM and a nozzle exit diameter of
5 mm. Our flame temperature measurements reveal a flow field consistent with previous
hydrogen jet diffusion flame studies.
To show explicitly the usefulness of our two detection channel technique, data
collected from the probe volume location with the largest standard deviation in
temperature measurements is plotted showing results from each detection channel and the
combined optimal result.
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Figure 27: Time history profiles from each detection channel (left) and the optimal combined result (right)
for the probe volume location 80 mm above the burner and 13 mm to the left of the centerline.

For spectral fitting of the experimental spectra acquired through detection
channels 1 and 2, the temperature limits were set to 300-2500 K and 100-1100 K,
respectively. In Figure 27 the measurements from detection channel 1 reached the lower
temperature limit of 300 K, indicative of CCD saturation, as mentioned previously. The
measurements from detection channel 2 appear cutoff at an upper limit of 1100 K, this
was due to inadequate CARS signal for theoretical spectral fitting. To provide the most
accurate flame temperature measurements resulting from the best detector signal levels,
data points below 1100 K from channel 2 are combined with data points above 1100 K
from channel 1. Another example is shown in Figure 28.
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Figure 28: Time history profiles from each detection channel (left) and the optimal combined result (right)
for the probe volume location 80 mm above the burner and 18 mm to the left of the centerline.

At 0.2 seconds in Figure 28, channel 1 is saturated while channel 2 is not. This
data point corresponds to laser shot #1000. Experimental single-laser-shot spectra and
theoretical best fits are shown in Figure 29.

Figure 29: Experimental and theoretical spectra from laser shot #1000 at probe volume location x/d = 16,
r/d = -3.6 from detection channel 1 (left) and 2 (right).

At 0.3 seconds in Figure 28, channel 1 provided useful fs-CARS signal-to-noise
ratio while channel 2 did not. This data point corresponds to laser shot #1500.
Experimental single-laser-shot spectra and theoretical best fits are shown in Figure 30.
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There is not adequate signal from detection channel 2 for assessment by the spectral
fitting algorithm.

Figure 30: Experimental and theoretical spectra from laser shot #1500 at probe volume location x/d = 16,
r/d = -3.6 from detection channel 1 (left) and 2 (right).

This shows the dynamic range of CPP fs-CARS temperature measurements can be
improved by employing a two detection channel setup. The additional cost is comparable
to or less than that of other advanced diagnostic techniques requiring multiple high speed
cameras such as stereoscopic particle imaging velocimetry [15] and novel flame
tomography [16].
The CPP fs-CARS temperature measurements presented here correlate well with
data available in the literature for other hydrogen jet diffusion flames. These results
establish the usefulness of dual detection channel CPP fs-CARS thermometry for
turbulent, combusting environments.

6.1.4

Conclusions

We have performed single-laser-shot fs-CARS temperature measurements on an
unsteady hydrogen-air jet diffusion flame. Measurements were recorded at 5 kHz at
different heights and radial locations within the flame and analyzed using a genetic
algorithm based spectral fitting code. Results correlate well with previous hydrogen-air
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jet diffusion flame studies by Roquemore et al. [17] and Hancock et al. [14], and achieve
better temporal resolution than has previously been reported. By using a two detection
channel approach, low temperature spectra were well resolved and the dynamic range of
the CPP fs-CARS technique was improved.
For future work the impact of different beamsplitter ratios and EMCCD gain
levels on fs-CARS signal-to-noise ratio will be explored. This should greatly enhance the
sensitivity of the technique. Mixtures of nitrogen and argon could be probed to determine
the degree of enhancement a two detection channel scheme has on the resonant CARS
signal detection limit. This work demonstrates the ability of fs-CARS spectroscopy to
acquire quantitative time series data, an essential step towards high-repetition rate
temperature and species concentration measurements in practical combustion systems.

6.2

Methane-Air Jet Diffusion Flame

This section is modified from a paper presented at 52nd AIAA Aerospace Sciences
Meeting, January 2014, AIAA 2014-1355.
a

Claresta N. Finemana and Robert P. Luchta
School of Mechanical Engineering, Purdue University, 585 Purdue Mall, West Lafayette, Indiana 47906,
USA

It was theorized that due to the tight spatial and temporal beam overlap required
for fs-CARS experiments, beam steering and scattering in a turbulent sooting flame may
inhibit observation of the CARS signal. The purpose of this experiment was to
demonstrate the capability of femtosecond-CARS to temporally resolve turbulent
fluctuations in flame structure with temperature measurements in a sooting methane-air
jet diffusion flame obtained at 5 kHz.
6.2.1

Experimental System

The jet diffusion flame was produced by a 5 mm exit diameter fuel nozzle
supplied with methane flowing at 7 SLPM and a 160 mm diameter coflow of shop air at
180 SLPM. CPP fs-CARS measurements were performed at various radial distances from
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the centerline of the nozzle at heights corresponding to an x/d of 0.51, 1.52, and 8.43.
Horizontal and vertical translation stages provided control of the burner position with
respect to the fixed CARS probe volume location. Images of the jet flames are shown in
Figure 31. Radiation from soot produced in the methane flame is clearly visible in the
images.

Figure 31: Photographs of jet diffusion flames, hydrogen (left) and methane (right).

6.2.2 Thermometry Calibration
The fs-CARS data analysis process has been described in detail in Chapter
5. Spectra resulting from 2000 consecutive laser shots in the Hencken burner are
background corrected and averaged to create a single reference spectrum. Laser
parameters from Hencken burner flames with equivalence ratios of 0.3 and 0.5 gave the
best theoretical spectral fits of the methane diffusion flame data acquired. Figure 32
shows an averaged Hencken burner reference spectrum for Φ= 0.3 and 0.5 with the
corresponding theoretical spectrum returned as best fit.
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Figure 32: Hencken burner reference spectrum and theoretical best fit calculated for Ф= 0.3 and 0.5.

Figure 33 shows histograms resulting from 2000 single-laser-shot fs-CARS
measurements in the Hencken burner flame. The input laser parameters used for these
single-shot spectral fitting calculations correspond to the best fit Ф = 0.3 and 0.5
reference spectra.

Figure 33: Histograms representing 2000 single-laser-shot measurements in the Hencken burner flame.

6.2.3

Results

Temperatures ranging between 300 and 2260 K were measured in the methane-air
free jet diffusion flame. Results presented here were taken at heights of 2.54, 7.62, and
42.2 mm above the jet nozzle exit plane. Data was recorded at each probe volume
location in the flame for 2000 laser shots. Shown below are the average temperature and
one standard deviation for each probe volume location.
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Figure 34: Radial temperature profiles in the jet diffusion flame corresponding to 2.54 mm, 7.62 mm, and
42.2 mm above the jet nozzle exit plane.

Like the hydrogen diffusion flame results, the large standard deviations do not
reflect a lack of precision; rather they are due to buoyant oscillations in the flame. Shotto-shot temperature variations are present which would not necessarily be evident using
10 Hz ns-CARS. Time history plots containing 2000 single-shot measurements are shown
for several probe volume locations in the diffusion flame.

Figure 35: Time history profiles for probe volumes at various radial distances corresponding to x/d = 0.51.
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Figure 35: Continued.

Figure 36: Time history profiles for probe volumes at various radial distances corresponding to x/d = 1.52.
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Figure 36: Continued.

Figure 37: Time history profiles for probe volumes at various radial distances corresponding to x/d = 8.43.
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We previously applied CPP fs-CARS to a hydrogen jet diffusion flame which
exhibited similar buoyant fluctuations ~10 Hz. Data from the methane flame at the lower
axial locations, Figure 35 and Figure 36, do not show the extreme dynamic range present
at outer radial locations like hydrogen flame, where temperatures swung from 300 to
2300 K. Here at lower axial locations, temperature variations are modest likely due to the
mass and diffusivity differences between hydrogen and methane molecules.
Temperatures begin to approach the adiabatic methane/air combustion temperature,
~2220 K, in the flame zone at x/d = 1.52. Farther up from the jet nozzle exit more
interesting flame structure changes are present. Here the flame is more susceptible to
room air fluctuations and flapping, as shown by the asymmetric nature of the average
temperature profile in Figure 34. Like was previously reported with the hydrogen flame
results, our dynamic range is limited by the EMCCD camera electron well depth. The
data points which appear to bottom out at 200 K at x/d = 8.43, r/d = 2.29 and 1.27 are
actually due to saturation of the EMCCD camera.
6.2.4

Conclusions

These are the first CPP fs-CARS measurements made in a highly sooting methane
jet diffusion flame. Measurements were recorded at 5 kHz at different heights and radial
locations within the flame and analyzed using a genetic algorithm based spectral fitting
code. Temperatures were measured between 300 and 2300 K highlighting the excellent
dynamic range of the technique though still limited by the electron well depth of the
EMCCD camera.
6.3

References

[1] S. P. Kearney, T. W. Grasser, Proc of IMECE, 2007.
[2] R. D. Hancock, K. E. Bertagnolli, R. P. Lucht, Combust. Flame, 1997; 109.
[3] D. R. Richardson, R. P. Lucht, W. D. Kulatilaka, S. Roy, J. R. Gord, Appl. Phys. B,

2011 ; 104.

st

[4] D. Bangar, C. N. Fineman, R. P. Lucht, 51 AIAA Aerospace Sciences Meeting, 2013.
[5] C. N. Dennis, C. D. Slabaugh, I. Boxx, W. Meier, R. P. Lucht, Proc. Combust. Inst.

2014; IN PRESS.
[6] T. Lang, M. Motzkus, J. Opt. Soc. Am. B, 2002; 19.
[7] T. Seeger, J. Kiefer, A. Leipertz, B. Patterson, C. Kliewer, T. Settersten, Opt. Lett.,
2009; 34.

69
[8] M. P. Thariyan, A. H. Bhuiyan, S. E. Meyer, S. V. Naik, J. P. Gore, R. P. Lucht,
[9]
[10]
[11]
[12]
[13]
[14]
[15]
[16]
[17]

Meas. Sci. Technol. 2011 ; 22.
M. Furi, P. Papas, R. M. Rais, P. A. Monkewitz, Proc. Combust. Inst. 2002; 29.
V. R. Katta, W. M. Roquemore, Combust. Flame, 1993; 92.
V. R. Katta, L. P. Goss, W. M. Roquemore, AIAA Journal, 1994; 32, 1.
L. D. Chen, J. P. Seaba, W. M. Roquemore, L. P. Goss, Proc. Combust. Inst. 1988;
22.
K. B. Sahu, A. Kundu, R. Ganguly, A. Datta, Combust. Flame, 2009; 156.
R. D. Hancock, F. R. Schauer, R. P. Lucht, V. R. Katta, K. Y. Hsu, Proc. Combust.
Inst. 1996; 26.
I. Boxx, C. Slabaugh, P. Kutne, R. P. Lucht, W. Meier, Proc. Combust. Inst. 2014;
IN PRESS.
W. Cai, X. Li, L. Ma, Appl. Optics. 2013; 52.
V. R. Katta, L. P. Goss, W. M. Roquemore, Combust. Flame, 1994; 96.

70

CHAPTER 7. DLR GAS TURBINE MODEL COMBUSTOR

This section is modified from a paper published in Proceedings of the Combustion
Institute, 2014; 35 and including results submitted for publication in Combustion and
Flame.

a

Claresta N. Dennisa, Carson D. Slabaugha, Isaac G. Boxxb,
Wolfgang Meierb, Robert P. Luchta
School of Mechanical Engineering, Purdue University, 585 Purdue Mall, West Lafayette, Indiana 47906,
USA
b
German Aerospace Center (DLR), Institute of Combustion Technology, Pfaffenwaldring 38-40, 70569
Stuttgart, Germany

Single-laser-shot temperature measurements at 5 kHz were performed in a model
gas turbine combustor using femtosecond (fs) coherent anti-Stokes Raman scattering
(CARS). The combustor was operated at two conditions; one exhibiting a low level of
thermoacoustic instability and the other a high level of instability. Measurements were
performed at 73 locations within each flame in order to resolve the spatial flame structure
and compare to previously published studies. Power spectral density analysis of the
temperature measurements yielded the characteristic thermo-acoustic pulsation frequency
previously reported at 308 Hz. These results demonstrate the usefulness of fs-CARS for
the investigation of highly turbulent combustion phenomena. The spatial resolution of the
single-laser shot temperature measurements was approximately 600 µm, the precision
was approximately ±2%, and the estimated accuracy was approximately ±3%. The
dynamic range was sufficient for temperature measurements ranging from 300 K to 2200
K, although some detector saturation was observed for low temperature spectra.

71

7.1

Introduction

The goal of making high-repetition rate measurements in turbulent combustion
systems is to provide insight into the unsteady combustion phenomena such as
autoignition, extinction, stabilization, and thermo-acoustic interactions. Turbulent
combustion is complex to study, experimentally, due to broad spectrum length and
timescales over which these processes occur. This characteristic places high spatial and
temporal resolution requirements on the applied measurement techniques. Despite the
challenges, various laser-based optical techniques have been developed and successfully
applied to turbulent flames for measurements of flow field velocity, atomic and
molecular species concentrations, temperature, and soot volume fraction [1]. The
techniques, particle imaging velocimetry (PIV) [2,3], laser induced fluorescence (LIF) [4],
Raman scattering [5], laser induced incandescence (LII) [6,7], laser induced breakdown
spectroscopy (LIBS) [8,9], and coherent anti-Stokes Raman scattering (CARS) [10], have
been used alone or in combination [11] to provide information about flame structure,
local equivalence ratio, combustion efficiency, and pollutant formation in practical
turbulent combustion systems.
Statistically correlated and spatially resolved flame temperature measurements
yield insight into locations of heat release combustor dynamics [12]. Raman scattering
and CARS have been applied extensively for gas phase combustion diagnostics and
temperature measurements. The coherent anti-Stokes process is nonlinear and generates
signals over five orders of magnitude stronger relative to that of spontaneous Raman
scattering, without interference from a single-photon excited fluorescence background
[13]. Thus making CARS advantageous over Raman scattering for flame temperature
measurements in particularly harsh environments.
Previously published literature reviews and textbooks [2] describe CARS theory
in extensive detail, describing experimental and theoretical spectral modeling techniques.
A 2010 survey of applications of CARS spectroscopy for reacting flow diagnostics by
Roy et al. highlights the many potential advantages of fs-CARS over traditional ns- and
ps-CARS techniques [15]. Solid-state femtosecond lasers operate at high repetition rates,
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offer excellent shot-to-shot spectral stability, and the nearly Fourier-transform limited
broadband femtosecond laser pulses may excite many Raman transitions at once, creating
a strong coherence in the sample medium [16,17]. If one uses a chirped-probe-pulse
(CPP), a method introduced by Lang et al. [18], single-laser-shot gas phase temperature
measurements are possible. Experiments have shown the fs-CARS signal is nearly
independent of molecular collisions after the initial excitation of the coherence and the
initial decay rate of the Raman coherence in gas phase measurements depends only on
temperature [19,20]. Comparison of the measured experimental spectrum with computed
theoretical spectrum from quantum theory allows the flame temperature to be determined.
A delayed chirped-probe-pulse simplifies theoretical modeling of fs-CARS spectra and
improves accuracy by eliminating the need for Raman linewidth information [15].
CPP fs-CARS has previously been applied only in mildly turbulent flames [21,22].
The purpose of the present work is to demonstrate the application of 5 kHz CPP fs-CARS
thermometry to swirl stabilized model combustors with very high levels of turbulence.
First published in the 2014 Combustion Institute Proceedings, as a collaborative effort
with the German Aerospace Center (DLR) [7], CPP fs-CARS measurements were
performed on the DLR Dual-Swirl Gas Turbine Model Combustor (GTMC) which is a
research-scale swirl burner designed to study thermo-acoustic oscillatory effects on
combustion chemistry for technically relevant operating conditions. The burner has been
extensively characterized previously over a wide range of operating conditions using
many different spectroscopic and imaging techniques [2,5,24-29].
In the present study, CPP fs-CARS measurements were successfully performed at
73 locations throughout the highly turbulent reacting flow field of the GTMC. Two
different burner operating conditions were investigated, exhibiting a low and a high level
of thermo-acoustic instability. Further analysis is presented than what has been published
previously in the Combustion Institute Proceedings. The temperature measurements
revealed a different temporal structure at different points in the flow. Power spectral
density analysis was performed on the resulting temperature measurements to compare
with previous studies. The spatial resolution of the technique was measured and found to
be much better than previously reported for ns-CARS experiments. The accuracy and
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precision of these results is estimated to be within 3%. Beam steering effects were
minimal and not significant to the point that single-shot spectra could not be analyzed and
no loss of signal was experienced.

7.2
7.2.1

Experimental System

Femtosecond CARS Optical System

The laser system and optical arrangement used for this experiment has been
described previously [7]. In brief, the fundamental output of a Ti:Sapphire regenerative
amplifier (Legend Elite Duo, Coherent, Inc.) was used to pump an optical parametric
amplifier (OPA) and also provide the laser pulses for the CARS probe and Stokes beams.
Beam splitters were used to direct 90% of the amplifier energy to pump the OPA, 6%
through a dispersive rod (30 cm, SF-10) to produce the chirped probe beam, and the
remaining 4% to be used directly as the Stokes beam.

Figure 38: Schematic diagram of CPP fs-CARS experimental system.
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All three beams were focused to the probe volume using a 200-mm plano-convex
lens in the folded BOXCARS geometry with a crossing angle of approximately 3° to
ensure phase-matching [2]. Temporal overlap was confirmed by placing a 100 µm thick
Type-I BBO crystal at the probe volume and adjusting the optical path lengths of the CPP
and Stokes pulses using linear translation stages to maximize the intensity of sumfrequency signals generated by the combinations of the beams.
In Figure 38, at the probe volume the Hencken burner calibration flame and DLR
GTMC are shown. Both devices are mounted to the same set of vertical and horizontal
translation stages allowing each flame to be measured in quick succession.
The CPP fs-CARS signal beam, generated by the combination of spatially and
temporally overlapped CPP, Stokes, and pump pulses, was then focused onto the entrance
slit of a 0.25 m spectrometer with 1200 g/mm grating. The CARS signal was recorded
using an electron multiplying charged coupled device (Andor iXon EMCCD), vertically
binned across the bottom 50 rows to allow for image acquisition at 5 kHz.
7.2.2

Calibration Flame

The ‘Hencken burner’ is a commonly used reference flame for combustion
diagnostics [4]. This burner provides a very stable flame where downstream of the burner
face, the fuel and oxidizer flows rapidly mix and react to produce a uniform flow of
product gases near adiabatic equilibrium. Thus, the Hencken burner was utilized to
provide a range of known temperatures to calibrate the CPP fs-CARS spectra. Digital
mass flow controllers were calibrated and used to control the volumetric flow rates of
each of the gases. Hydrogen-air equivalence ratios of 0.3, 0.5, and 0.8 provided
temperature standards at 1189, 1643, and 2168 K respectively. These standard
temperatures were measured using the combined pure rotational/pure vibrational nsCARS experiment developed by Satija and Lucht [8], located in the same laboratory.
Their measured values are in agreement to within 0.2% of the calculated adiabatic flame
temperature. The probe volume for the CARS measurements in the Hencken burner was
located 35 mm above the center of the burner where the flame is most stable and product
gases have reached equilibrium. To account for effects of the DLR GTMC optical access
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windows, an identical set of windows was placed in the beam path, one on each side of
the Hencken burner in the laser propagation direction, to ensure a representative
calibration dataset.
Mounting the Hencken burner and the DLR GTMC on one translation stage in
close proximity caused an issue with radiative heat feedback from the high thermal power
GTMC to the calibration flame. Figure 39 shows the calibration flame fluctuations
induced by the GTMC in operation ~200 mm away. On the left are 2000 sequential
single-laser-shot CPP fs-CARS temperature measurements, and on the right is the
resulting histogram. With the GTMC in operation, the calibration flame measures ~150 K
hotter than the expected adiabatic flame temperature. To be able to switch back and forth
between the burners quickly, an aluminum baffle and thermal insulating plasterboard
were put up in-between the two burners which eliminated heat feedback.

Figure 39: 2000 single-laser-shot temperature measurements in Hencken burner flame phi = 0.5 with (A)
and without (B) the DLR GTMC in operation.
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CPP fs-CARS measurements in the Hencken burner at known flame temperatures
provided the laser parameters required to theoretically model spectra obtained from
flames of unknown temperature. The unknown laser parameters requiring calibration are
variables which define the electric field of each laser beam allowing a theoretical CARS
spectrum to be calculated. Due to the incredibly stable nature of the Hencken burner,
2000 single laser shot spectra are averaged. Experimentally obtained reference spectra
from each equivalence ratio were theoretically fit using a genetic algorithm based spectral
fitting code, developed by Richardson et al. and described in detail previously [1,3,32].
Averaged experimental spectra and corresponding theoretical best fits for each
equivalence ratio in the Hencken burner are shown in Figure 40.

Figure 40: Theoretical and experimental reference spectra representing an average of 2000 single-laser-shot
measurements in the Hencken burner flame [7].
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During the spectral fitting process, the temperature was held constant at the
adiabatic flame temperature and the laser parameters required to generate the theoretical
spectrum were varied to obtain the best fit to the experimental spectrum. Each set of laser
parameters obtained from this procedure were then held fixed for analysis of CPP fsCARS spectra from the turbulent GTMC flame. During the analysis of CARS spectra
from the GTMC, only the temperature, the ratio of the resonant and nonresonant
susceptibilities, and a linear scaling factor for intensity were allowed to vary. For each
single-shot, CPP fs-CARS spectral fitting was performed using all four sets of laser
parameters from room air and the reference flames. The laser parameters resulting in the
best theoretical spectral fit, the lowest least-squares error, were used to calculate the
flame temperature.
The experimental precision and accuracy of the measurements was determined
based on the mean and standard deviation, respectively, of probability density functions
generated from 2000 single-shot measurements taken at each calibration condition in the
Henken burner. The CPP fs-CARS technique has excellent precision with a typical
measured standard deviation of 1.5 to 2% of the mean flame temperature. Generally, the
histogram mean values are a few degrees cooler than the calculated adiabatic flame
temperature, though still within the estimated accuracy of ~3%. For example, during
calibration a Hencken burner flame operated at an equivalence ratio of 0.8 yielded the
histogram shown in Figure 41. The mean temperature at 2101 K was 3.0% below the
adiabatic flame temperature of 2168 K and the standard deviation was 38 K or 1.7%.
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Figure 41: Histograms resulting from 2000 single laser shot temperature measurements in the Hencken
burner flame operated at φ = 0.0, 0.3, 0.5, and 0.8.

7.2.3

Gas Turbine Model Combustor (GTMC)

The DLR GTMC used in this work has been the subject of numerous previous
studies in which the geometry is described in detail [29,34,35,37], only a brief overview
is provided here. A schematic diagram of the burner is shown in Figure 42. The window
material is fused silica, which was anti-reflection coated for two 60nm bandwidths
(FWHM) centered on 675 nm and 800 nm.
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Figure 42: Schematic diagram of DLR Dual-Swirl GTMC [34].

Dry air was supplied to the plenum through an acoustic isolation section with an
upstream choked orifice. Fuel and oxidizer flows were controlled by electromechanical
mass flow controllers (Porter Series 200). A microphone (Bruel and Kjaer, Type 4939)
was installed in the upstream plenum to monitor chamber acoustics [35]. The microphone
signal was acquired simultaneously with the laser pulse and the EMCCD gate signals to
synchronize the acoustics with the CARS measurements.
Two flames were studied in this work, similar to conditions studied previously in
the work of Stohr et al. [35]. Parameters of the two flames are shown in Table 4.
Table 4: Parameters of the two flames investigated.

Flame Case

Air (g/min)

CH4 (g/min)

Pth (kW)

Φglob

Tglob ad (K)

V

324

12

11.14

0.63

1726

B

282

12

11.14

0.73

1886
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Each flame was named based on its characteristic flow-field pattern. Flame V
exhibited a low level of thermoacoustic instability while Flame B exhibited a high level
of self-excited thermoacoustic instability. The burner was operated at each condition for
thirty minutes, prior to data collection, to allow for thermal stabilization.
The time-averaged flow field corresponding to the Flame V condition was
measured by Stohr et al. [35] and is shown in Figure 43. The contours are streamlines
representing the mean velocity field determined by extensive PIV characterization of the
burner and the color scale indicates velocity magnitude in meters per second. The CPP fsCARS measurement locations are indicated by black squares in Figure 43. These
locations were selected to resolve the spatial structure of the flame and coincide with
previous Raman scattering probe volume locations. The demonstration of the temporallyresolved CARS temperature measurements in the highly turbulent shear layers near the
flame base was of principal interest.

Figure 43: CARS probe-volume locations with respect to mean flow field for the flame V operating
condition.
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7.3

Results

CPP fs-CARS measurements were performed at the grid locations shown in
Figure 43. Results from 24 locations in Flame V are shown in Figure 44. Each data point
represents a temperature measurement from a single-laser-shot. The time history plots
show 4000 sequential temperature measurements for a specific probe volume location in
the flame. For each location the mean temperature is reported. The lower and upper
temperature limits used for the spectral fitting process was set to 300 and 2200 K
respectively.
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Figure 44: Temperature measurements from 4000 consecutive single-laser-shots for 24 different probe
volume locations in Flame V.
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The probe volume locations at y = 10 mm and x = 9 mm, y = 20 mm and x = 8
mm, y = 30 mm and x = 15 mm, y = 40 mm and x = 15 mm, and along the centerline are
located within the inner recirculation zone. Generally in this region temperatures are
higher and in this recirculation zone near the burner exit the measured temperatures vary
greatly; the shot-to-shot variation in temperature decreases with axial distance as shown
by locations at 30 mm and above.
Probe volume locations at y = 15 and x = 21 and y = 20 mm and x = 20 mm
coincide with the inner shear layer. Temperature measurements at those locations vary
more rapidly compared to that of other radial locations at those heights above the burner
exit. As expected, the temperature increases with axial distance from the burner exit as
combustion products reach equilibrium. The burner operating conditions corresponded to
a global adiabatic flame temperature of 1726 K. At the locations 40 mm above the burner
at x = 0, 15, and 25mm the measured mean temperatures are 1632, 1667, and 1736 K;
which are in agreement with the expected post-flame temperature. In order to increase
CARS signal levels in the high temperature post flame regions where the density is low,
the gain of the EMCCD camera was increased. An EMCCD gain setting of 5 was used at
axial locations of y = 15, 20, and 30 mm, and a gain setting of 8 was used for locations at
y = 40, 60, 90 mm. Without gain, in the high temperature regions, the CARS signal peaks
at approximately 70 photoelectrons above background sensor levels.
Results from the same 24 locations for the Flame B operating condition are shown
in Figure 45.
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Figure 45: Temperature measurements from 4000 consecutive single-laser-shots for 24 different probe
volume locations in Flame B.
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Overall for each location in Flame B the mean temperatures measured are higher
than that of Flame V. In addition, there are more oscillations present in the time history
plots for the Flame B case. For this operating condition in the post flame region, heights
40 mm and above, influence from the thermoacoustic pulsations are observable.
Time history plots for each flame case contain several data points which appear to
bottom out at the 300 K lower limit input for the spectral fitting algorithm. For those laser
shots the CARS signal was saturating the detector. Detector saturation is made evident by
examining the CPP fs-CARS spectrum resulting from each individual laser shot. Figure
46 shows 11 single-laser-shot CPP fs-CARS spectra from various times at the probe
volume location x = 5 mm, y = 5 mm for the Flame V case. For each spectrum the
experimental data is shown, background subtracted and normalized, with the theoretical
spectral model best fit. The CARS signal resulting from laser shot #851, plot D in Figure
46, has saturated the EMCCD. The CARS signal peak near 14900 cm-1 shows a flat top
profile indicative of saturation. As the CCD is operated in a vertical binning mode along
50 rows it is also possible individual pixels are saturated without completely saturating
the serial register. Saturating the detector led to a poor theoretical fit by the spectral
fitting algorithm. Laser shot #220, plot B in the figure, is also a low temperature spectrum
but did not saturate the CCD, resulting in a much better theoretical fit and temperature
calculation of 359 K. We plan to employ a two CCD, two spectrometer system with 10%
of the signal directed to one spectrometer-CCD system and 90% to the other to overcome
this current dynamic range limitation. This will greatly improve the fidelity of our
measurements in the low temperature regions of the turbulent flame in addition to
allowing higher EMCCD gain levels to be used improving signal-to-noise ratio in higher
temperature flame regions.
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Figure 46: Various single-laser-shot CPP fs-CARS spectra from Flame V at x = 5 mm, y = 5 mm.
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Every single-laser-shot measurement resulted in a CPP fs-CARS signal above the
noise floor allowing for spectral fitting. In general, the signal to noise ratio is much
higher for low temperature flame regions due to the number density of nitrogen in the
probe volume contributing to a stronger coherent CARS signal. For example the data
shown in plot C has a signal-to-noise ratio of approximately 5 and a calculated
temperature 2212 K and the data in plot H has a signal-to-noise ratio of 67 and a
calculated temperature of 667 K. We did not observe any clear indications of beam
steering, signal drop-outs did not occur, though it may have decreased signal levels it did
not impede the ability to make temperature measurements from resulting CARS spectra.
As signal-to-noise ratio is expected to scale with temperature, any beam steering effects
could disrupt this relationship. One possible example is laser shot #175, shown in plot A.
The calculated temperature is 1084 K though the data shows more noise than in plots F
and G where the calculated temperatures are 1175 and 1342 K respectively.
To compare with existing thermo-acoustic measurements, eight locations were
selected for power spectral density analysis. Results from five of the probe volume
locations analyzed are shown in Figure 47 and 48. The plotted data represents the
normalized average power spectrum from temperature measurements acquired over five
separate 5000 laser-shot acquisitions, representing five seconds of data acquisition.

Figure 47: Normalized power spectra from 25,000 CARS temperature measurements in Flame V.
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The three spectra from Flame V at x = 15 mm locations show peaks at 170, 308,
480, 649, 788, and 824 Hz. A strong longitudinal thermo-acoustic pulsation is known to
occur at 308 Hz for this flame [29]. In addition, a precessing vortex core (PVC) identified
by Stöhr and Meier [34], was observed to occur at 515 Hz by Boxx [29]. Here in Figure
47, the peaks at 308 and 480 Hz correspond to the longitudinal thermo-acoustic pulsation
and PVC frequencies respectively. Peaks occurring at 170, 649, 788, and 824 Hz can be
attributed to a superposition of thermo-acoustic pulsation and the precessing vortex core
[36]. The same phenomenon was documented by Boxx et al. though occurring at 205 and
822 Hz. Here the frequencies are shifted, slightly, which is attributed to a difference in
the ambient operating conditions. It was shown by Stohr et al. [35] that the PVC
precession frequency is a linear function of the total mass flow rate through the swirler,
or in effect, the exit flow velocity. Consequently, a minor difference in the barometric
pressure or inlet air temperature will result in some frequency shift due a change in the
flow density. Similarly, a change in the ambient temperature and room currents can have
a large effect on the burner heat loss. This will result in a change in mean bulk flow
temperature as well as the acoustic speed in the chamber. Nonetheless, the physical
mechanism of the flame operation are expected to remain consistent, despite this small
difference. The spectra from x = 40 mm and x = 60 mm on the centerline show weaker
presence of the longitudinal pulsation at 308 Hz and no PVC fundamental frequency.
This result corresponds with the disappearance of the outer recirculation zone ~30 mm
and above shown in Figure 43.
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Figure 48: Normalized power spectra from 25,000 CARS temperature measurements in Flame B.

For Flame B more frequency content was present and the normalized magnitudes
were in general higher than those of Flame V. At the x = 15 mm locations, peaks recur at
124, 313, 438, 746, 921, and 1361 Hz indicating a shift in the longitudinal and PVC
frequencies to 313 and 438 Hz. Now the spectra from x = 40 mm and x = 60 mm on the
centerline show much more frequency content, including contribution from the PVC
frequency.
7.4

Conclusions

The chirped probe pulse femtosecond CARS technique has been successfully
applied for flame temperature measurements in a model gas turbine combustor with
significant swirl and high levels of turbulence. Time resolved temperature measurements
were made at 73 locations in the GTMC for 2 different operating conditions. Every laser
shot produced some resonant CARS signal; no significant loss of signal due to beam
steering, pressure fluctuations, or shear layer density gradients was observed. Even
though temperature measurements appear to fluctuate wildly on a shot-to-shot basis,
power spectral density analysis of the CPP fs-CARS thermometry results yielded the
characteristic thermo-acoustic pulsation and precessing vortex core frequency previously
reported in the literature. These results demonstrate the usefulness of high repetition rate
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CPP fs-CARS for the study of turbulent combustion. By employing a two detection
channel scheme, the dynamic range can be improved and allow for increased sensitivity
of the CARS signal measurements.

7.5
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CHAPTER 8. SWIRL STABILIZED LABORATORY SCALE BURNER WITH
INTERCHANGEABLE 3D PRINTED SWIRLER

This section is modified from a paper submitted to the 53rd AIAA Aerospace Sciences
Meeting, 2015.
Claresta N. Dennis, Dustin L. Cruise, Hukam Mongia, Galen B. King, and Robert P.
Lucht
School of Mechanical Engineering, Purdue University, 585 Purdue Mall, West Lafayette, Indiana 47906,
USA

Single-laser-shot temperature measurements at 5 kHz are performed in a novel lab
scale swirl stabilized burner with an interchangeable 3D printed swirler using
femtosecond (fs) coherent anti-Stokes Raman scattering (CARS). Measurements were
taken at various heights and radial locations within the flame in order to resolve the
spatial flame structure. Temperature measurements are reported in the swirl flame
between 400 and 2000 K with less than 3.0% error. In addition, the first simultaneous
N2/CH4 CPP fs-CARS measurements are reported for measuring relative methane
concentration in the non-reacting flow field. These results demonstrate the usefulness of
CPP fs-CARS for fundamental studies of swirl stabilized flames.
8.1

Introduction

Coherent anti-Stokes Raman scattering (CARS) is a third order nonlinear optical
process allowing non-intrusive probing of flames and has been used for temperature and
species measurements in reacting flows for several decades [1]. Many comprehensive
reviews have been published on the technique and its applications [2,3]. Applications in
combustion diagnostics presents many challenges, requiring measurements in harsh
environments often involving high temperatures, low number densities, turbulent
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fluctuations, and generation of radiating soot particles. Many of these challenges may be
overcome with the use of high-repetition rate ultrafast lasers.
Ultrafast lasers producing femtosecond (fs) laser pulses are spectrally broadband,
exciting many Raman transitions at once. In this case, flame temperature measurements
are based on the dephasing rate after initial excitation of the Raman coherence by
broadband pump and Stokes beams [4,5]. In the past, researchers had to acquire spectra
from many laser pulses to observe the Raman coherence dephasing [24]. A variation
called chirped-probe-pulse (CPP) fs-CARS allows single laser shot temperature
measurements [7]. Like traditional nanosecond CARS, temperature is determined by
matching experimentally obtained spectra to the best-fit theoretical CARS spectrum. CPP
fs-CARS has proven to be an excellent diagnostic for turbulent flames, providing high
repetition rate measurements with great precision and accuracy across a wide range of
temperatures [8-11].
Recently, researchers have begun to take advantage of the broadband nature of
femtosecond lasers and pump multiple species simultaneously [12-15]. Bohlin and
Kliewer have demonstrated a new two beam ultra-broadband CARS scheme for
simultaneous measurements of N2, H2, CO2, O2, and CH4 at 20 Hz [14]. High repetition
rate measurements of fuel and oxidizer for calculating local equivalence ratio are of great
interest in practical combustion systems. CPP fs-CARS relative concentration
measurements are based on the change in beat frequency modulation depth and have the
potential to produce measurements at kilohertz repetition rates [12].
The purpose of the present work is to apply the CPP fs-CARS technique to
temporally resolve turbulent fluctuations in flame structure with temperature
measurements in a lab-scale swirl stabilized burner. In addition, for the first time
simultaneous N2 and CH4 CPP fs CARS measurements have been performed to produce
relative concentration measurements in the non-reacting flowfield.
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8.2
8.2.1

Experimental System
Femtosecond Laser System

The laser system used for these measurements is identical to the one used in Ref.
[29], and is described here. A schematic diagram of the system layout is shown in
Figure 49. The 800 nm fundamental beam from a mode-locked Ti:Sapphire laser
(Coherent Legend Elite Duo), is used to generate the pump, Stokes and probe beams
required for the CPP fs-CARS experiment. The laser produces pulses at a repetition rate
of 5 kHz with a duration of ~50 fs and a bandwidth of ~ 360 cm-1. Most of the 800 nm
fundamental output is used to pump an optical parametric amplifier (Coherent
OPerASolo) with for use as the pump laser beam. For N2 CARS thermometry, the OPA
was tuned to 675 nm and for the simultaneous N2-CH4 measurements the OPA was tuned
to 650 nm. The remainder of the fundamental output is divided again, to be used for the
chirped probe beam and the Stokes laser beam. Chirp is induced in probe beam by
routing the beam through a glass rod (30 cm of SF-10 glass) which stretches the pulse’s
temporal width from ~50 fs to ~2 ps. The laser energies at the probe volume are
approximately 55, 60, and 140 µJ for the pump, Stokes, and chirped probe beam,
respectively.

Figure 49: Optical Setup of fs CPP CARS Experiment

95
The BOXCARS beam geometry is used to ensure phase matching [1]. Spatial
overlap at the probe volume was achieved by focusing all three beams, using a 200 mm
lens, through a 50 μm pinhole. Temporal overlap was established by placing a nonlinear
BBO crystal at the probe volume and carefully adjusting the optical path lengths of the
chirped probe and Stokes pulses until a nonresonant CARS signal was observed.
The CPP fs-CARS signal beam, generated by the combination of spatially and
temporally overlapped CPP, Stokes, and pump pulses, was then focused onto the entrance
slit of a 0.25 m spectrometer with 1200 g/mm grating. The CARS signal was recorded
using an electron multiplying charged coupled device (Andor iXon EMCCD), equipped
with an optical mask to limit the signal illumination region to the bottom 50 rows of
pixels. The EMCCD was vertically binned across the bottom 50 rows to allow for image
acquisition at 5 kHz.

8.2.2

Laboratory Scale Swirl Burner with Interchangeable Swirler

The second burner investigated is an in-house laboratory scale swirl burner
specifically designed to study novel 3D printed swirler designs with control over fuel
injector position. The fuel injector is of a pintle-type with a circular pattern of 7 equally
spaced outlets. Air and methane were supplied to the burner providing an equivalence
ratio of 0.69. A variable-area confinement plate at the chamber exit allows control over
acoustic boundary conditions inducing interesting thermoacoustic instabilities.
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Figure 50: Schematic diagram of the lab scale swirl stabilized burner (left) and photograph (right).

8.3

CPP fs-CARS Data Analysis

8.3.1 CPP fs-CARS N2 Thermometry
The fs-CARS data analysis process has been described in detail previously
[29,11]. Spectra resulting from 2000 consecutive laser shots in the Hencken burner are
background corrected and averaged to create a single reference spectrum. This process
results in four reference spectra, one for each of the four equivalence ratios. A genetic
algorithm based spectral fitting code, developed by Richardson et al.[17], is applied to
each reference spectrum. During the fitting process temperature is fixed at the adiabatic
flame temperature while the laser parameter variables required to generate a matching
theoretical spectrum are floated.
Figure 51 shows an averaged Hencken burner reference spectrum for each equivalence
ratio with the corresponding theoretical spectrum returned as best fit.
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Figure 51: Hencken burner reference spectrum and theoretical best fit calculated for Ф= 0.0, 0.3, 0.5 and
0.8.

Once the laser parameter variables are determined, a single-shot algorithm is run
with laser parameters fixed and temperature, the ratio of resonant to non-resonant
susceptibility ratio, and scaling factors allowed to vary. The result is vibrational N2 CPP
fs-CARS temperature measurements at 5 kHz.
Figure 52 contains histograms resulting from 2000 single-laser-shot fs-CARS
measurements in the Hencken burner flame. The input laser parameters used for these
single-shot spectral fitting calculations correspond to the best fit Ф = 0.5 reference
spectra.
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Figure 52: Histograms representing 2000 single-laser-shot measurements in the Hencken burner flame.

8.3.2

CPP fs-CARS N2-CH4 Relative Concentration Measurements

The amplitude of the CARS signal is proportional to the number density of the
targeted species. As such, absolute concentration measurements can be difficult though
relative concentration measurements with respect to major species have been very
successful [18-20]. By tuning the OPA output to 650 nm, the C-H stretch of CH4 at 2914
cm-1 and the N2 Q-branch at 2330 cm-1 can be simultaneously excited. Though these
Raman transitions are about 580cm-1 apart, the pump and Stokes beams still generate
strong Raman coherence due to the broadband nature of the ultrafast laser. Figure 53
shows CPP fs-CARS spectrum generated in air and in methane with no air present at the
probe volume.
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Figure 53: CPP fs-CARS spectra resulting from air and methane gas purged at the probe volume.

There is a clear division between the two CARS signals in the frequency domain
where the nitrogen CARS signal is dominant at low frequencies and the methane CARS
signal occurs at higher frequencies. At 15348 cm-1 the two signals intersect. This is the
first time frequency spread dephasing fs-CARS has been performed on methane. Other
methane studies have used a hybrid fs/ps approach [15]. With the current technique,
temporal overlap of the beams must be adjusted to produce both the N2 and CH4 signals
simultaneously. It is possible to adjust the probe beam timing such that either vibrational
CARS signal is favored. After optimizing both Raman signals simultaneously, 2000
single laser shot measurements were performed in various mixtures of methane and air
for calibration of the swirl burner methane concentration measurements. The averaged
acquired spectra are shown in Figure 54.
The concentration calibration measurements were performed in the swirl burner to
account for effects of the windows on the dataset. Measurements were performed 6 cm
downstream of the burner exit to allow time for mixing. Concentrations of methane and
air were varied by controlling the volumetric flow rate of each gas.
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Figure 54: Nitrogen/Methane CPP fs-CARS Spectra at various CH4/air percentages

To perform methane concentration measurements in unknown mixtures, a
relationship between the change in spectral shape and known concentration is required.
By taking advantage of the division between the nitrogen and methane CPP fs-CARS
signals, we integrated the normalized signals from 14800 to 15300 cm-1 and 15380 to
15630 cm-1. The relationship between the percentage of methane in the mixture and the
ratio of the two integrals is presented in Figure 55

Figure 55: Ratio of integrated spectra in terms of methane concentration
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Simultaneous N2-CH4 CPP fs-CARS measurements were performed in the nonreacting swirl burner. Single-shot spectra were normalized and integrated over the
appropriate ranges. Then the ratio calculated and methane concentration found from the
logarithmic relationship given in the curve-fit shown in Figure 55.

8.4

Results

8.4.1 CPP fs-CARS N2 Thermometry
CARS flame temperature measurements were made at axial distances 1, 6, 11, 21,
and 31 mm above the burner plate. CPP fs-CARS temperature results from 24 probe
volume locations are shown here. Data was recorded at each probe volume location in the
flame for 5000 laser shots.

Figure 56: Temperature profiles from 5000 consecutive single-laser-shots at various locations in the swirl
flame.
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Figure 56: Continued.

Steady peak flame temperatures of ~1450 K were reached at the probe volume
location x = 21 mm and r = 8 mm, though rapid oscillations above 1800 K were observed
for some locations. There is considerable heat loss through the burner confinement
windows. Temperature increases slightly with axial distance from the burner exit plate
indicating the fuel and oxidizer are reasonably well premixed. As has been previously
observed from 5 kHZ temperature measurements in a swirl flame, the temperature varies
more widely close to the burner surface where more rapid mixing is occurring and
temperature variations are reduced with increasing axial distance [11]. We believe
average flame temperatures near the adiabatic flame temperature based on global
equivalence ratio were not obtained due to the measurement locations we studied. The
flame zone is mostly recirculating in the 4 corners of the burner and since we made
temperatures along the center plane, that phenomena was not captured. Also
measurements were not performed at high enough axial locations to be considered the
“post flame region”.
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This experiment did not suffer from EMCCD camera saturation issues that have
been experienced previously. Overall signal levels were lower since the burner
confinement windows were not appropriately AR-coated to maximize laser intensity at
the probe volume. In addition, the burner is somewhat premixed, reducing the
opportunity for large regions of cold air entrainment in the flow field. A contour plot of
the average flame temperature measured is shown in
Figure 57.

Figure 57: Contour plot of average temperature from 5000 consecutive CPP fs-CARS measurements

The flame has a V shape with an angle of approximately 60° calculated from the contour
plot.
8.4.2

CPP fs-CARS N2-CH4 Relative Concentration Measurements

Non-reacting concentration measurements were made at axial distances 1, 6, 11,
and 21 mm from the burner plate and at radial locations 0, 2, 4, 6, 8, 10, 12, 14, 16 mm
from the centerline. The air and methane flow rates were the same as was used for the
flame temperature measurements. Results are shown here from 5000 single laser shot
measurements.
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Figure 58: Time history profiles of methane percentage from single-shot CPP fs-CARS spectra 1 mm above
the burner plate.
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Figure 59: Time history profiles of methane percentage from single-shot CPP fs-CARS spectra 6 mm above
the burner plate.
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Figure 60: Time history profiles of methane percentage from single-shot CPP fs-CARS spectra 11 mm
above the burner plate.

107

Figure 61: Time history profiles of methane percentage from single-shot CPP fs-CARS spectra 21 mm
above the burner plate.

A contour plot of the average methane concentration and standard deviation from
5000 measurements is shown in Figure 62. Concentration measurements were not made
at a height of 31 mm since it was believed the fuel and oxidizer were well mixed at axial
distances above 20 mm. The flame’s V shape is pronounced in the standard deviation plot
with a contour angle of approximately 40°.
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Figure 62: Contour plots from average methane concentration measurement (left) and standard deviation
(right).

Non-reacting measurements of the percentage of methane present in the flow field
can be useful to characterize different interchangeable 3D printed swirlers. For example,
a swirler with a different vane pattern was inserted and the concentration measurements
repeated at the same fuel and air volumetric flow rates. Results from the second swirler
are shown in Figure 63. The flowfield is quite different than is shown in Figure 62. The
area of high methane concentration is shifted radially outwards from the centerline and
the standard deviation plot has a contour angle of approximately 67°.

Figure 63: Contour plots from average methane concentration measurement (left) and standard deviation
(right).
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These measurements demonstrate the usefulness of CPP fs-CARS for flowfield
visualization without requiring the fuel or air to be seeded which is typical of
fluorescence experiments [21,22].
8.5

Conclusions

Femtosecond CARS has been successfully applied for flame temperature
measurements in a laboratory-scale turbulent swirl burner for fundamental studies on
flame structure and thermoacoustic interactions. The present study was preliminary,
representing the first quantitative data set of measurements in this burner. Future work
includes measurements at finer intervals for improved spatial resolution temperature
contours, simultaneous pressure and temperature data acquisition, and investigating
various fuel-air equivalence ratios and interchanging the swirler design.
The first simultaneous N2/CH4 CPP fs-CARS measurements have also been
performed. A relationship between the spectral shape and methane concentration was
defined in order to determine fuel concentration in a non-reacting swirl burner. A
limitation of this technique is that prior calibration must be performed. Currently the
genetic algorithm based spectral fitting code is being modified to include methane. An
initial attempt to model the spectrum is shown in Figure 64.
The Raman spectrum of methane is quite complicated. The calculations used to
produce this theoretical fit do not account for higher order rotational corrections to the
energy level equation required for accurately modeling the Raman spectrum.
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Figure 64: CPP fs-CARS experimental spectrum from calibration at 36% CH 4 and the theoretical best fit

Once the model has been further refined, temperature and methane concentration
data can be simultaneously obtained. Future work will require the study of the CPP fsCARS N2/CH4 spectrum at elevated temperatures.

8.6
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CHAPTER 9. GAS CELL HYDROCARBON MEASUREMENTS

One focus of this dissertation was to extend the CPP fs-CARS technique to
methane for the purpose of non-obtrusive local fuel concentration measurements.
Common local equivalence ratio measurement methods require seeding the flow with a
tracer, whereas CPP fs-CARS can be done in situ.
The genetic algorithm based spectral fitting code presented in Chapter 5 contains
a model for the nitrogen vibrational CARS signal which calculates the ro-vibrational
energy levels, corresponding Raman cross sections, and upper and ground state
populations. An overlap integral is performed between the 3 laser beam electric fields to
determine the Raman pumping efficiency and calculate a theoretical CARS spectrum.
Energy levels are modeled by the equations presented in Chapter 2 defining Raman
transition frequency, line strength, and linewidth. The Raman cross section is calculated
from Equation (2.20) and the isotropic and anisotropic polarization invariants along with
other spectroscopic constants are taken from the literature [1].
In order to alter the model for fitting other molecules such as CO, H2O, or CH4
the proper form of the energy equation and correct spectroscopic invariants which vary
molecule to molecule must be used. Methane has a much more complicated Raman
spectrum than nitrogen. By to the 3N-6 rule, methane has 9 different vibrational modes
compared to diatomic nitrogen’s one stretching mode [2].

9.1

Model for Methane

Methane is tetrahedral spherical top belonging to the Td point group. There are 9
normal vibrational modes which occur at only 4 unique frequencies. Of the nine modes,
one is non-degenerate symmetric stretch with frequency v1 = 3215 cm-1, one
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is doubly degenerate bending vibration with frequency v2 = 1412 cm-1, and two are triply
degenerate with frequencies v3 = 3104 cm-1 a stretching vibration and a bending vibration
v4 = 1380 cm-1. Excited overtones and combinations of states produce vibrational bands
which lie close together called polyads. The “pentad” polyad contains vibrations in the
range of 2600 to 3100 cm-1 and is the only polyad accessible with the current fs-CARS
pump and Stokes setup. The pentad region of methane includes the modes v1, v3, 2v2, 2v4,
v2 + v4 [3].
To simply the fs-CARS model for methane, the following assumptions are made:
1. Only 3 modes in the pentad region of interest are included v1, v3, and 2v2.
2. Sufficient J levels are populated such that the average statistical weight of the
ro-vibrational states can be used for the partition function
3. Coriolis splitting does not occur for the non-degenerate and doubly degenerate
modes, and is not included in calculations for the v3 mode.
4. Fermi resonance between the C-H stretch and 2v2 overtone is neglected.
5. The quantum number, K, associated with rotation about the principle axis is
neglected.
The vibrational energy equation takes the same form as for nitrogen, presented in
Chapter 2.
1
1 2
𝐺𝑣 = 𝐵𝑣 (𝑣 + ) − 𝑋𝑣 (𝑣 + )
2
2

(9.1)

From microwave resolution infrared spectroscopy on the methane molecule it was
determined that the centrifugal distortion of the ground vibrational state can be
represented by sixth degree terms in the angular momentum [4]. The approximate
expression for the complete rotational energy is,
𝐹𝐽,к = 𝐵𝐽(𝐽 + 1) − 𝐷𝐽2 (𝐽 + 1)2 + 𝐻𝐽3 (𝐽 + 1)3
+ [𝐷𝑡 + 𝐻4𝑡 𝐽(𝐽 + 1)]𝑓(𝐽, к) + 𝐻6𝑡 𝑔(𝐽, к)

(9.2)
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where, H6 is the sextic centrifugal distortion Hamiltonian, and f(J, к) and g(J, к) are
centrifugal splitting functions for tetrahedral molecules. Fortunately methane is
spherically symmetric, so the inertial moment with respect to each axis is equivalent, as is
the case with the linear molecule diatomic nitrogen. The projection of the total angular
momentum on the rotational axis need not be included in the energy level calculations.
As before, the energy levels can be calculated from the sum of the vibrational and
rotational energies.
𝐸𝑣,𝐽 = 𝐺𝑣 + 𝐹𝑣,𝐽

(9.3)

The values used for the spectroscopic constants are tabulated below.
Table 5: Spectroscopic Constants for Methane

Constant
Bv(v1)
Bv(v3)
Bv(2v2)
Xv(v1)
Xv(v3)
Xv(2v2)
B
D
H
Dt
H4t
H6t
f(J,k), g(J,k)
(α’)2
(γ')2

Value
2955 cm-1
3017 cm-1
3066 cm-1
266 cm-1
286 cm-1
50 cm-1
5.241288 cm-1
1.109876 x 10-4 cm-1
6.299 x 10-9 cm-1
-3.036935 x 10-6 cm-1
-1.6781 x 10-10 cm-1
-6.2605 x 10-11 cm-1
Centrifugal splitting functions,
tabulated by J level
9.55 x 10-59 C4m2J-2
1.482 x 10-58 C4m2J-2

Reference
[5]
[5]
[5]
[5]
[5]
[5]
[6]
[7]
[7]
[7]
[7]
[7]
[4]
[8]
[8]

The partition function for a nonlinear molecule with nuclear spin contribution is given as,
(2𝐼 + 1)𝑚
𝑍=
∑(2𝐽 + 1) 𝑒 −ℎ𝑐𝐸/𝑘𝐵 𝑇
𝜎
𝑣,𝐽

(9.4)
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where for methane, I = ½, m = 4, and σ = 12 [9]. Examples of the methane experimental
spectrum and theoretical best fit after 3000 iterations by the spectral fitting code are
shown in Figures 65 through 67. In Figure 65, one of the first versions of the model was
used for spectral fitting which included only one vibrational mode, v1(A).

Figure 65: Methane spectral fit, using only the v1 vibrational mode.

In Figure 66, the model included the three vibrational modes listed in the current model
description but the anisotropic and isotropic polarizability terms were set to zero. At that
point the values had not yet been located in the literature.

Figure 66: Methane spectral fit, with the 3 vibrational modes and the anisotropic/isotropic polarizability
terms set to zero.
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In Figure 67, the model included the three vibrational modes listed in the current model
description and the anisotropic and isotropic polarizability terms found from literature
and listed in Table 5.

Figure 67: Methane spectral fit, with the 3 vibrational modes and the polarizability terms found from
literature.

As the model has been refined, the spectral fit continues to improve. The additional
modulations occurring at the low frequency side of the spectrum might be eliminated
with additional iterations of the model or by including interactions due to Fermi
resonance or Coriolis coupling which have been left out from the current model.

9.2

Mixtures of Hydrocarbons

A criticism of the CPP fs-CARS technique has been its lack of precise species
selectivity due to broadband pump-Stokes excitation [15]. The OPA output was tuned to
650 nm and CPP fs-CARS measurements performed in a gas cell at atmospheric pressure
with 95% nitrogen and 5% methane by volume. Figure 68 shows the resulting
nitrogen/methane spectrum for various settings of the Stokes beam delay line. The CARS
signal from nitrogen appears on the low frequency side of the broad central peak and the
methane signal appears on the higher frequency side. To produce the CARS signal from
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each species simultaneously, the arrival times of each beam and spatial overlap is
adjusted.

Figure 68: Simultaneous N2/CH4 CPP fs-CARS spectrum for different Stokes beam delay times.

By changing the Stokes beam delay time, either nitrogen or methane can be
preferentially excited, increasing its signal greatly while decreasing the signal from the
other species. So, species selectivity is reduced in the frequency domain by using
broadband excitation pulses but selectivity may be recovered in the time domain. A
version of the spectral fitting code including nitrogen and methane Raman transition
calculations was used to fit the simultaneous CH4/N2 spectrum.
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Figure 69: Spectral fit of methane and nitrogen CPP fs-CARS spectrum.

The fitting code performs well in the nitrogen and methane regions of the spectrum,
however does not represent the mixing region near 15200 cm-1. It is possible that the 2v4
overtone mode, which is not included in the current model is responsible for the
interference region. The methane overtone occurs at 2615 cm-1, closer to the nitrogen
Raman transition at 2330 cm-1 than the other methane modes included in the model. The
modeling work is still ongoing and should result in at least two publications once further
refined.
Since methane, ethylene, and propane have C-H stretches, the goal was to observe
changes in the fs-CARS spectrum with mixtures of these gases. Various mixtures of
argon, methane, ethylene, and propane were prepared for CPP fs-CARS measurements
with the OPA tuned to 650 nm. Resulting spectra are shown below. Each experimental
spectrum is the average from 2000 single laser shots and has been normalized to the
maximum signal level.
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Figure 70: CPP fs-CARS spectra taken in mixtures of methane, propane, ethylene, and argon in the gas cell
at room temperature and pressure.
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Figure 70: Continued.

It is clear there is some interference between the Raman coherence of each
molecule. However, without a theoretical model for propane and ethylene it is not
possible to quantitatively evaluate the experimental spectra for relative concentration
measurements.
Natural gas typically contains between 84 to 98% methane and ~2% of propane,
with ethane being the other main constituent. Mixtures of methane and propane at low
concentrations were prepared and the resulting spectra are shown in Figure 71. The
experimental spectra are all normalized to the maximum signal level measured from the
100% methane case.
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Figure 71: CPP fs-CARS spectra of methane and propane at various concentrations.

The presence of propane is thought to influence the detection limit of methane. The
Raman cross section is low for propane compared to methane and should result in a 30
times lower vibrational CARS signal than for the pure substance [[11]]. In the CPP fsCARS spectrum we observe a 25% drop in signal for the 5% propane case compared to
that of pure methane.
9.3

Elevated Pressure Study

An advantage of fs-CARS over nanosecond and picosecond CARS is that the
CARS signal is nearly independent of molecular collisions after the initial impulsive
excitation of the Raman coherence. The initial decay rate of the Raman coherence in gas
phase measurements depends only on temperature [20,22]. This simplifies theoretical
modeling of fs-CARS spectra and improves accuracy by eliminating the need for Raman
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linewidth information [2]. It has been theorized that probing the first few picoseconds
after excitation will result in collision-free measurements for pressures up to 19 atm [26].
The gas cell used for containing mixtures of hydrocarbon gases was hydrostatic
tested to 6.8 atm. Mixtures of methane, argon, nitrogen, and ethylene were filled to
various pressures in the gas cell to observe changes in the spectrum which may indicate
breakdown of the ‘collision-free measurement’ assumption.
A mixture of 50% methane and 50% argon at various pressures is shown in Figure
72. The spectrum maintains the same shape but increases in magnitude. As pressure
increases, number density increases, and since the CARS signal is dependent on density it
also increases accordingly.

Figure 72: CPP fs-CARS spectra of methane and argon at various pressures.

Figure 73 shows the results from nitrogen at various pressures, up to almost 7 atm.
Each spectrum is normalized to its maximum signal level to highlight changes in shape
between in spectrum. The ratio of resonant to non-resonant signal seems to change
though, overall the nitrogen CPP fs-CARS spectral shape remains the same. This
indicates high pressure thermometry using N2 CPP-fs CARS should be successful
without additional efforts to include a collisional model.
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Figure 73: CPP fs-CARS spectra of nitrogen at various pressures.

The measurements were repeated for pure ethylene and pure methane. Results are
shown in Figure 74 and Figure 75. Again, each spectrum is normalized to its maximum
value to highlight changes between each pressure level investigated.

Figure 74: CPP fs-CARS spectra of ethylene at various pressures.
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Figure 75: CPP fs-CARS spectra of methane at various pressures.

For both pure methane and pure ethylene, the CPP fs-CARS signal spectral shape
changes with increased pressure. The effect is much more pronounced for ethylene where
the spectrum appears to widen, the low frequency side doubles in signal strength, and the
relative modulation depths change. For methane, the spectrum appears to narrow slightly,
and the second modulation peak ~15520 cm-1 decreases while the other modulations
maintain the same relative magnitudes. For both molecules the most change comes after
the pressure is increased beyond approximately 5 atm. This indicates some effects of
pressure broadening of the spectral lines or collisional energy transfer between the
molecules in the gas cell.
Mixtures of argon and methane, methane and ethylene, and nitrogen and methane
were also prepared for the pressure study. Propane was not included due to the risk of
creating two-phase flow in the gas supply lines. Results for the gas mixtures are shown in
Figures 76 through 81. If these spectra could be modeled and measurements made at
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higher pressures, collisional cross sections may be obtained for methane and various
collisional partner molecules.

Figure 76: CPP fs-CARS spectra of argon and methane at various pressures.
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Figure 77: CPP fs-CARS spectra of 84% ethylene and 16% methane at various pressures.

Figure 78: CPP fs-CARS spectra of 50% ethylene and 50% methane at various pressures.
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Figure 79: CPP fs-CARS spectra of 36% ethylene and 64% methane at various pressures.

Figure 80: CPP fs-CARS spectra of 94% ethylene and 6% methane at various pressures.
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The pressure study of pure nitrogen and pure methane showed little to no
variation in the spectral shape at elevated pressures. This was not the case for a mixture
of methane and nitrogen, shown in Figure 81.

Figure 81: CPP fs-CARS spectra of nitrogen and methane at various pressures.

Pieroni et al. documented the line mixing of the v3 mode of CH4 with N2 at room
temperature between 2800 and 3200 cm-1 [16]. At 1 atm, large line mixing effects were
not induced however at elevated pressure the Q-branch manifold shape was affected from
state to state collisional transfer. This may explain the drop in the methane signal
intensity and increase in nitrogen signal intensity at 5 atm.
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9.4

Probe Time Delay and Raman Width

The Raman spectrum of the C-H stretch vibrational modes occurring near 3000
cm-1 is quite different for methane, propane, and ethylene. For example, the room
temperature Raman spectrum for propane and methane is shown in Figure 82.

Figure 82: Raman spectrum of propane (left) and methane (right) [17].

The Raman spectrum of propane has a three-component band with a maximum at 2883
cm-1, and other local maxima at 2937 and 2973 cm-1 due to antisymmetric stretching
modes.
For these measurements the gas cell was filled with propane, methane, ethylene,
and nitrogen individually to atmospheric pressure. The CPP fs-CARS spectrum was
recorded with varying probe time delay in increments of 0.3 picoseconds. The aim at this
study was to see if the Raman coherence would persist for longer probe time delays as a
function of the Raman Q-branch width. Table 6 shows the Raman transition and its width
for each molecule.
Table 6: Raman widths of nitrogen, methane, ethylene, and propane.

Molecule

Raman Transition

Nitrogen
Methane
Ethylene
Propane

2330 cm-1
2914 cm-1
3022 cm-1
2883 cm-1

Maximum Probe Time
Delay
2.1 ps
1.5 ps
0.9 ps
>5.1 ps

Raman Width
~30 cm-1
~ 20 cm-1
2.5 cm-1
~115 cm-1
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The molecules with the widest Raman transition widths retain their CPP fs-CARS
spectrum for longer probe time delays. Experimental spectra were recorded for each
molecule out to 5.1 ps. Results are shown for each molecule in Figure through 86.

Figure 83: CPP fs-CARS spectrum of propane for probe time delays 0.0 to 5.1 ps.
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Figure 83: Continued.

Figure 84: CPP fs-CARS spectrum of nitrogen for probe time delays 0.0 to 3.0 ps.
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Figure 84: Continued.

Figure 85: CPP fs-CARS spectrum of methane for probe time delays 0.0 to 4.8 ps.
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Figure 85: Continued.

Figure 86: CPP fs-CARS spectrum of ethylene for probe time delays 0.0 to 4.8 ps.
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Figure 86: Continued.
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Figure 86: Continued.

9.5
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CHAPTER 10. CONCLUSIONS

10.1 Summary of Scientific Contributions
The efforts described in this dissertation have resulted in 3 significant
contributions to the field.
1. Experiments have validated the use of CPP fs-CARS for accurate, high
dynamic range temperature measurements in turbulent swirl-stabilized flames
of practical interest.
2. The vibrational N2 CPP fs-CARS theoretical spectral fitting model has been
improved to include an instrument response function, 3rd order spectral phase
terms for the pump and Stokes beams, and 4th order probe beam spectral phase.
Now least squares error between the theoretical and experimental fit has
improved, particularly in the high frequency region of the spectrum. Most
importantly, the calculated laser parameters no longer trend with temperature.
3. For the first time CPP fs-CARS measurements on methane, ethylene, and
propane have been performed. The spectral fitting code has been modified to
include 3 vibrational modes of methane which occur in the pentad region.
A series of experiments were performed in mildly turbulent non-premixed free jet
diffusion flames. Five kHz CPP fs-CARS thermometry of the hydrogen/air diffusion
flame yielded temperatures between 300 and 2400 K, highlighting the Kelvin-Helmholtz
instability caused by buoyant interactions of hot combustion products with the cold
ambient air. These measurements demonstrated the great dynamic range of the CPP fsCARS technique which was proven to be further improved by using a dual detection
channel scheme. Measurements in a highly sooting methane/air diffusion flame were also
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successful, radiation from the soot or absorbance of the laser did not impede
detection of the CARS signal.
In collaboration with DLR, CPP fs-CARS measurements were performed for the
first time in a practical combustor; the DLR Gas Turbine Model Combustor (GTMC).
The combustor has significant levels of swirl and high levels of turbulence. Time
resolved temperature measurements were made at 73 locations in the GTMC for 2
different operating conditions. Every laser shot produced some resonant CARS signal; no
significant loss of signal due to beam steering, pressure fluctuations, or shear layer
density gradients was observed. Power spectral density analysis was performed on the
CPP fs-CARS thermometry results yielding the characteristic thermo-acoustic pulsation
and precessing vortex core frequency previously reported in the literature by DLR.
The theoretical spectral fitting code for N2 was improved to include an instrument
response function to account for finite spectral broadening. Now the parameters defining
the electric fields of the CARS laser beams do not vary significantly with temperature
and the model does a better job fitting the high frequency tail end of the experimental
spectra.
In addition to improving CPP fs-CARS thermometry, the first simultaneous
N2/CH4 CPP fs-CARS spectra were obtained. A theoretical code for CH4 concerned with
accurately modeling the spectra of N2 and CH4 simultaneously from a set of room
temperature pressure cell experiments was developed. This work expands the list of CPP
fs-CARS molecules previously modeled, and points to interesting possibilities such as
that of determining spectroscopic constants from theoretically fitting experimental
spectra of more complicated hydrocarbon molecules.
This work has demonstrated the ability of fs-CARS spectroscopy to acquire
accurate and precise quantitative time series data, an essential step towards highrepetition rate temperature and species concentration measurements in practical
combustion systems.
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10.2 Suggested Direction of Future Work
The real limitation of CPP fs-CARS thermometry has proven to be that of
detector dynamic range. Signal levels can vary 1000 times in magnitude between room
air and a 2200 K flame. Using the two detection channel scheme, with two EMCCD
cameras and two spectrometers, different combinations of beamsplitter ratios and
EMCCD gain levels for each camera should be explored. Effects on fs-CARS signal-tonoise ratio should be investigated to arrive at the optimum combination of detector gain
and splitting ratio. Mixtures of nitrogen and argon could be probed to determine the
degree of enhancement a two detection channel scheme has on the resonant CARS signal
detection limit.
Results from CPP fs-CARS measurements in the high pressure gas cell indicate
changes in spectral shape above 3 atm for some gas mixtures. A more comprehensive
study should be done to explore the limits of the ‘collisional-free’ assumption for fsCARS experiments. For future measurements in high pressure gas turbine systems this
understanding will be critical. The spectral fitting model contains a collisional model for
determining Raman line shapes of nitrogen, though it has not been used for the work in
this dissertation.
Further improvements should be made to the spectral fitting model, specifically to
include more light-hydrocarbon species. It has not been investigated to what degree of
accuracy the ro-vibrational structure be defined in the CARS model. For example,
molecules with more than 3 atoms often have correction terms for centrifugal distortion,
Fermi resonance, Coriolis coupling, etc. are these corrections necessary or could the
Hamiltonian be simplified in such a way that larger molecules could be modeled.
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